A multiscale modeling approach for the progressive failure analysis of textile composites by MAO JIA ZHEN
  
A MULTISCALE MODELING APPROACH FOR THE 

















NATIONAL UNIVERSITY OF SINGAPORE 
2014 
  
A MULTISCALE MODELING APPROACH FOR THE 







MAO JIA ZHEN 







A THESIS SUBMITTED 
 FOR THE DEGREE OF DOCTOR OF PHILOSOPHY  
DEPARTMENT OF MECHANICAL ENGINEERING 






I hereby declare that the thesis is my original work and it has been written by me in 
its entirety. 
 I have duly acknowledged all the sources of information which have been used in 
the thesis. 
This thesis has also not been submitted for any degree in any university previously. 
   
Mao Jia Zhen 
22 Mar 2014 





This thesis is submitted in fulfilment of the requirement for award of the degree of 
Doctorate of Philosophy. The research has been carried out at the Department of 
Mechancial Engineering, National University of Singapore, during the period of Augest 
2009 to July 2013.  
I am deeply indebted to Professor Tay Tong Earn for giving me the opportunity and 
supervising this work. Especially during the most challenging period of finalising my 
thesis, without his all-around support and guidance, this work would have never been 
accomplished. 
I would also like to thank A/Prof. Vincent Tan Beng Chye, for his invaluable help. The 
numerous discussions are important to this work. 
I am very grateful to Doctor Muhammad Ridha and Doctor Sun Xiu Shan for their 
advices and help.  
I am truly thankful to Mr. Chiam Tow Jong, Mr. Low Chee Wah and Mr. Abdul Malik 
Bin Baba for assisting me in my experiments. 
Lastly, I would like to deeply thank Ms. Wang Xuan, my daughter Mao Dou Dou, my 
father Mao Cheng Ming and mother Yang Pei Zhi for their love, support and 
encouragement throughout my life. You are the reason of this work. 
 




Table of Contents 
Acknowledgement .................................................................................................... i 
Table of Content ...................................................................................................... ii 
Summary…… vi 
Nonmenclature…… .............................................................................................. viii 
List of Figures…… ............................................................................................... xiii 
List of Tables…… .............................................................................................. xxiii 
 
Chapter 1    Introduction and Literature Review .......................................................... 1 
1.1 Introduction to Textile Structural Composites .............................................. 3 
1.2 Review of Mechanical Modeling of Textile Composites ............................. 7 
1.3 Review of Damage Modeling of Textile Composites................................. 27 
1.3.1 Failure Criteria ................................................................................. 28 
1.3.2 Progressive Damage Modeling Techniques..................................... 32 
1.4 Aim of the Study ......................................................................................... 40 
1.5 Scope and Outline ....................................................................................... 40 
 
Chapter 2    Multiscale Modeling Approach ................................................................ 42 
2.1 Material Property Homogenization Method ............................................... 45 
2.1.1 Periodic Boundary Conditions ......................................................... 46 
2.1.2 Effective Material Properties ........................................................... 49 
2.1.3 PBC Modeling to a 3D RVE Model ................................................ 52 
2.2 Micro-Mechanical Failure (MMF) Theory ................................................. 57 
2.2.1 Stress Amplification Method ........................................................... 57 
2.2.1.1 Micro Stresses Calculated from Meso Stresses................. 58 
2.2.1.2 Meso Stresses Calculated from Macro Stresses ................ 61 
2.2.2 Fiber Failure Criterion ..................................................................... 64 
2.2.3 Matrix Failure Criterion ................................................................... 65 
2.3 Progressive Damage Modeling ................................................................... 66 




2.3.1 Energe-based Continuum Damage Mechanic Model ...................... 69 
2.4 Flow Chart .................................................................................................. 73 
2.5 Conclusion .................................................................................................. 76 
 
Chapter 3    Progressive Failure Analysis of Plain Woven Composites ..................... 77 
3.1 Modeling Strategy ....................................................................................... 77 
3.2 Micromechanical Model ............................................................................. 78 
3.3 Mesomechanical Model .............................................................................. 85 
3.3.1 Geometric Modeling ........................................................................ 87 
3.3.2 Stress Analysis. ................................................................................ 92 
3.3.3 Progressive Failure Analysis.......................................................... 100 
3.3.4 Validation by Experiment .............................................................. 105 
3.4 Macromechanical Model .......................................................................... 110 
3.4.1 FE Modeling… .............................................................................. 110 
3.4.2 Simulation Result… ....................................................................... 112 
3.4.3 Validation by Experiment… .......................................................... 114 
3.5 Conclusion ................................................................................................ 119 
 
Chapter 4    Progressive Failure Analysis of NCF Composites ................................ 121 
4.1 Introduction to NCF composites ............................................................... 121 
4.2 Nonlinear Mechanical Modeling of NCF composites .............................. 123 
4.2.1 Modeling of Elastoplasticity for Epoxy Resin ............................... 124 
4.2.1.1 Elastoplastic Constitutive Model .................................... 126 
4.2.1.2 Parameter Identification ................................................. 129 
4.2.2 Nonlinear Stress Amplification Method ........................................ 131 
4.2.2.1 Method to Determine Nonlinear Coefficient ................... 134 
4.2.3 Implementation of Nonlinear Multiscale Modeling ...................... 135 
4.3 Micromechanical Model ........................................................................... 136 
4.4 Mesomechanical Model ............................................................................ 145 
4.4.1 Case 0 degree Laminate ................................................................. 146 




4.4.2 Case Biaxial Laminates.................................................................. 156 
4.4.2.1 Simulation Results… ....................................................... 162 
4.4.3 Experimental Verfication ............................................................... 168 
4.5 Macromechanical Model .......................................................................... 173 
4.5.1 Macroscopic Modeling .................................................................. 173 
4.5.2 Simulation Results ......................................................................... 175 
4.5.3 Experimental Verification .............................................................. 184 
4.6 Conclusion ................................................................................................ 188 
 
Chapter 5    Extension to Mechanics of Defects in NCF Composites ....................... 189 
5.1 Introduction to Defects Mechanics of Composite Materials .................... 189 
5.2 Study the Influence of Defects in NCF composites .................................. 194 
5.2.1 Linear Analysis on Single Laminate .............................................. 195 
5.2.2 Failure Analysis on Biaxial Laminates .......................................... 200 
5.2.2.1 Defect Characterization .................................................. 200 
5.2.2.2 Case [0/90]2s Laminates  ................................................. 203 
5.2.2.3 Case [±45]2s Laminates ................................................. 207 
5.3 Conclusion ................................................................................................ 212 
 
Chapter 6    Conclusions and Recommendations ....................................................... 214 
6.1 Conclusions ............................................................................................... 214 
6.2 Recommendations for Future Work.......................................................... 217 
 
References   ...... ............................................................................................................. 220 
 
Appendix A  Plain Woven Composites Study ............................................................ 243 
A.1 Mesh Convergency Study for Plain Woven RVE Model ......................... 243 
A.2 Sensitivity Study for Plain Woven Composites ........................................ 243 
 




Appendix B  NCF Composites Study .......................................................................... 246 
B.1 Mesh Convergency Study for NCF RVE Model ...................................... 246 
B.2 Nonlinear COfficients for Meso-to-Micro Stress Amplification .............. 248 
B.3 Nonlinear COfficients for Macro-to-Meso Stress Amplification ............. 251 




Article by the author 
 
Mao J Z, Sun X S, Ridha M, Tan V B C, and Tay T E. A modeling approach across length scales 
for progressive failure analysis of woven composites. Applied Composite Materials, 20: 213-231, 
2013. 
. 






Recent advances in textile composites require the development of a holistic modeling tool, 
which involves more than one length scale. Over the past decades, a large number of 
modeling techniques, capable of predicting accurately the mechanical performance of 
composite materials covering wider range of length scales are available. However, there 
is still a strong demand for a computational approach to implement the mechanical 
analysis for a macroscopic structure based on the micro-physical phenomena. With the 
rapid development of computer power, it is possible to integrate the available modeling 
tools into a holistic multiscale framework capable of simulating, designing and analyzing 
the performance of composite materials. In this thesis, a multiscale modeling approach to 
model the progressive damage in textile composites has been developed. The hierarchical 
models of textile composites at three different length scales (micro, meso, and macro) are 
developed with a novel two-way multiscale coupling technique. In this manner, the 
multiscale stress analysis is performed and the damage mechanisms can be captured 
within one finite element. Appropriate failure criteria are carefully selected in the present 
study. In addition, a continuum damage mechanics (CDM) method is used to model the 
post-failure behavior of the damaged element. 
 
The proposed multiscale method is first applied to predict the material stiffness, tensile 
strength and damage patterns of a central open-hole plain woven laminates. Tensile 
experiment is conducted to verify the analysis result. Consequently, the progressive 




failure analysis based on a nonlinear multiscale modeling approach is implemented for 
the non-crimp stitched textile composites considering the material nonlinearity of epoxy 
resin. The global mechanical analysis of unnotched quasi-isotropic laminates has been 
performed and validated by the experiment.  
 
Finally, the proposed progressive failure analysis is extended to the defect mechanics of 
non-crimp stitched composite laminates. The parametric study based on defect modeling 
indicates the correlation between the void contents and mechanical properties. The 
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Chapter 1  
Introduction and Literature Review  
 
By combining two dissimilar materials, composites can provide superior performance 
with their high mechanical properties and low weight. In the past century, they have been 
one of the most widely used materials in aerospace, civil, automotive, and marine 
applications. Meanwhile, products of composite materials also start to popularize in 
sports and leisure industry in recent years. Among the variety of composites, textile 
reinforced composite form an essential part of this large family, which is defined as the 
combination of a resin system and the textile fabrics.  The typical textile fabrics comprise 
of fibers. These fibers are first arranged as fiber bundles. Three basic textile architectures 
are woven, braided and non-crimp stitched textile as illustrated in Fig. 1.1. 
 
 
Figure 1.1 Basic textile architectures 




The textile composites were initially used in automotive and aircraft application in 
1960’s, and rapidly developed since 1970’s. They differ from the traditional 
unidirectional (UD) composites in structure and fabrication. In UD composites, all the 
fibers align in a prepreg along the same direction. But in the textile composites, fibers are 
first consolidated into fiber yarns. They are then integrated into various fabrics with the 
textile process. Textile composites have inherent through-thickness performance 
achieved by the out-of-plane reinforcement of the fiber bundles. Besides, they provide 
greater flexibility in processing options. With the pre-assemblies of the fiber bundles, the 
composite fabric is formed, which can range from a single planar sheet to a complex 
three-dimensional net structure. In the cost-wise, the textile process can reduce the labor 
cost instead of conventional prepregs.   
 
Meanwhile, proper usage of the fiber-reinforced textile composites in industry requires a 
good prediction of their behaviors under different loading conditions. Reliable study and 
design of the textile composite structures also demand a precise description of the 
material heterogeneity and textile architectures. The length scales of textile composite are 
usually defined according to their geometrical and material heterogeneities. 
 
The design procedure of composites structures usually includes failure analysis. A typical 
progressive failure analysis involves a model for damage initiation and propagation. In 
the first place, the stress or strain analysis is carried out by applying certain loading and 
boundary condition. According to stress or strain distribution obtained from previous 
analysis, appropriate failure criteria are used to determine whether the damage occurs. In 




progressive damage, the last step of the failure analysis involves a stiffness reduction 
model to simulate a loss in the load-carrying capability of the damaged parts. For the 
study of textile composites, due to the complex textile architectures and material system, 
the failure analysis needs to capture the damage at different length scales and their 
influences on the overall performance of the composite structure. 
 
1.1 Introduction to Textile Structural Composites 
 
In this section, a general description of three basic textile structural composites: woven, 
braided and non-crimp stitched are present. Their textile architectures and mechanical 
features are briefly discussed. 
 
Woven fabrics are produced by arranging the fiber yarns in a woven style. Normally, 
there are two types of fiber yarns, which are perpendicular with each other (weft and 
warp).  There are four basic weave styles (plain, twill, satin and basket) as presented in 
Fig.1.2.  
 






Figure 1.2 Types of woven fabrics [1] 
 
Woven composites provide superior out-of-plane performance to the UD composites 
because of the strong interlocking of the fiber bundles. They are widely used in military 
and aerospace industries for their high delamination and impact resistance. On the other 
hand, the interlocking causes the crimp of the fiber yarns, which complicates the 
modeling for analysis and design. Besides, the crimp regions of woven yarns result in the 
deterioration of the in-plane properties. For instance, woven composites have a lower in-
plane compressive strength than the other textile composites. 
 
(a) Plain (b) 2/2 Twill 
(c) 5-harness satin (d) Basket 




Braided fabric can be regarded as the combination of filament winding and weaving. It is 
normally integrated as a tubular form over a cylindrical mandrel. Fiber yarns are inter-
wound together in the braided performs. The tubular form is available in biaxial and 
triaxial architectures. The triaxial braided fabric consists of inserting an axial yarn 
between the braided yarns in either longitudinal or vertical direction. The angle between 
the bias axis and the braid axis is called braid angle, usually indicated as θ (see Fig.1.3).  
 
 
Figure 1.3 Braid angle in biaxial braided fabric [2] 
 
Similar to woven composites, the braided fabric composites have high impact resistance 
due to the inter-wound fiber yarns. It is noted that the application of braided composites 
should be appropriate to the circumstances. Because the braids are woven on the bias in a 
tubular form, they can provide efficient core reinforcement. They are commonly used in 
components of tubular structures that are subjected to torsional loads (eg. driver shaft, 
antennae, masts, etc.). 





Non-crimp fabric (NCF) is also known as ‘multiaxial knitted fabric’, which has been 
integrated by consolidating the fibers in plies by stitching or knitting process [4-8]. The 
fiber yarns are first spread and then consolidated together prior to the stitching process. 
Warp-knitting technique is normally used to create the stitched perform. This technique 
allows the replacement of the fiber yarns with any chosen orientation (see Fig, 1.4). A 
variety of yarn thickness and width can be selected as long as the knitting needles can go 




Figure 1.4 Multiaxial multiply stitched non-crimp fabrics [9] 
 
In recent years, NCF composites have attracted more attentions for their low 
manufacturing cost. They also provide superior in-plane mechanical performance to the 
other textile structural composites (eg. woven, braided, etc.), resulting from the fact that 




the fibers are almost non-crimped. However, the needles penetrating the plies may cause 
local fiber misalignment, discontinuity, and breakage. Those disturbances may affect the 
permeability of fabrics and deteriorate the mechanical performance of composite 
structures. 
 
1.2 Review of Multiscale Modeling of Textile Composites 
 
In the past two decades, numerous solutions for structural analysis were developed with 
the increasing application of textile composite. In this section, modeling approaches for 
mechanical analysis across different length scales of textile composite are presented. 
Firstly, modeling techniques for textile composites are briefly introduced from the 
analytical to the numerical method. Then, the finite element (FE) based modeling at 
different length scales are discussed respectively. Finally, the existing multiscale 
modeling approaches are introduced.  The limitations of those multiscale methods are 
also identified. 
 
In the beginning, a number of analytical approaches have been developed [10-13] to 
establish the constitutive equation of the textile composite material. They were usually 
used as analysis codes to predict the overall properties and the mechanical response. The 
simplest method is based on the rule of mixture and Classical Laminate Theory (CLT). In 
this method, the composite laminates are treated as homogenized materials.  Thus the 
stress or strain distributions within the textile structure can’t be computed accurately in a 
three-dimensional (3D) space. In order to include the descriptions of the textile geometry 




and heterogeneous material system, the volume partition approaches were developed [14-
18]. A discretized-subcell method was proposed by Tabiei and Jiang [14]. As presented 
in Fig. 1.5, the representative cell was divided into four subcells. They applied a uniform 
traction boundary condition to each subcell whereby a volumetric averaging was 
implemented to calculate the effective stress–strain relations of the subcell. The effective 
properties of the representative cell were obtained by combing the stresses and strains in 
all subcells. Later, Tabiei and Yi [16] extended this discretized-subcell method to FE 
analysis which can provide a more accurate prediction on the effective stiffness 
of woven composites. In addition, Bogdanovich defined a voxel technique [18] to 
represent the textile architecture of woven composites in three-dimensional (3D) space 
(see Fig. A1.6). In his method, the representative volume of textile composite was 
defined as homogeneous, anisotropic solid. The effective elastic properties of the 
representative volume were determined by the volumetric averaging of the stress and 
strain fields in the sub-voxel volumes. 
 





gure 1.5 Discretized-subcell division from representative cell [14] 
 
 
Figure 1.6 3D voxel representative model for woven composite [18] 
 
Most of the volume-partition approaches above can provide reliable predictions of the 
effective stiffness. However, geometric simplifications have to be conducted when the 




representative volume was divided into several regular subcells. In other word, the textile 
geometry and material inhomogeneities are exempted in those volume-partition methods. 
Hence, for the analysis involving more complex conditions such as strain localization and 
fracture, the modeling technique considering the detailed textile architectures is required. 
Another limitation of the volume-partition methods is that they were usually specific for 
one type of the textile composite. For other textile composite types, the methods need to 
be re-developed. Thus, a more general and flexible modeling method is required to 
analyze all types of textile composites.  
 
In recent decades, with the rapid development of computer power, numerical modeling 
tools have been extensively used.  FE method can provide effective simulations for the 
stress and failure analysis of textile composites. It usually uses detailed geometrical and 
material information to develop a high resolution model of a representative volume 
element (RVE). By taking the advantage of the finite element method, the modeling 
approach for performing the analysis at different length scales of textile composite can be 
developed. Prior to that, the clear definition of length scales is necessary according to the 
inherent hierarchy of textile composite material [19, 20], 
 
1. Microscale (  ) defines the fibers arranged in the fiber yarn.  The microscale model 
usually consists of the fibers embedded in the matrix. The typical diameter of a fiber 
is about 5-10μm. Input data at micro level includes the properties and responses of 
fiber, matrix and their interface.  
 




2. Mesoscale (m) defines fiber yarns arranged in the textile architecture and the resin-
rich zones. It is usually represented by a RVE model. The size of a typical RVE 
ranges from several millimeters to several centimeters. The properties of the fiber 
yarns such as the fiber directions and yarn stiffness need to be defined as local data 
of the mesoscale model. 
 
3. Macroscale (M) defines the textile composite part. In the practical engineering 
design, it is usually limited to the composite specimen or small panels due to the 
associated computational cost.  
 
Based on the definition of length scales, FE based modeling methods can be individually 
applied to the mechanical analysis at different length scales. They are presented as 
micromechanical, mesomechanical, and macromechanical analysis in the following 
paragraphs, respectively. 
 
Computational micromechanical model has been applied in numerous studies of 
composite materials.  The typical micromechanical model consists of the matrix and 
embedded fiber within a material domain. The fiber distribution is assumed periodic so 
that a RVE can be used. Micromechanical analysis was initially performed to predict the 
effective properties of the composite ply by computing stress and strain distributions 
between fibers and matrix [21-25]. Also, the influences of the reinforcement volume 
fraction and distribution on the deformation of the microscale RVE model can be 
explored [26]. In addition, FE based micromechanical analysis can be applied to 




determine the damage mechanism and failure envelop of composite ply because it can 
resolve detailed stress and strain fields under multiaxial loading conditions [27-29]. For 
instance, Totry et al. [29] proposed a micromechanical method, where the mechanical 
response under out-of-plane shear and transverse compression were emulated (see 
Fig.1.7a). In this method, constitutive models were used for fiber, matrix and interface in 
the micromechanical model. Epoxy matrix was assumed as isotropic, elastoplastic 
material and governed by the Mohr-Coulomb criterion. A series of virtual tests were 
presented to reproduce the failure behavior under multiaxial stress states. The failure 
surface of a UD ply was thus obtained (as shown in Fig.1.7) and showed good agreement 
with Hashin, Puck and LaRc failure criteria.  
 
Figure 1.7 (a) Micromechanical model proposed by Totry et al. [29] 





Figure 1.7 (b) Failure envelop in the multiaxial stress space [29] 
 
The computational mesoscale modeling is the key step in the multi-level description of 
textile composites [19, 20]. It usually starts from modeling of the internal geometry of 
textile reinforcements. The geometric modeling is crucial for a precise computational 
analysis of textile composites because the overall material properties and stress 
distributions strongly rely on the fabric architecture. The repeating pattern in a textile 
fabric can be represented by a RVE which is sufficient to describe the internal geometry 
of textile reinforcements. The geometric modeling includes generating the fiber yarns 
with textile structure and the resin-rich zone. Unlike the microscopic model, the fibers 
within a yarn herein are not modeled individually. Instead, the yarn is represented as a 
homogenous solid volume. Several modeling techniques have been developed for textile 




composite considering the yarn crimp [30-35]. Peirce [30] proposed a simple geometrical 
model for plain woven fabric in two-dimensional (2D) space, where the yarn path was 
defined as the combination of straight line and circular arc. The circular shape was used 
to represent the yarn cross-section. In Peirce’s modeling, the radius of curvature of yarn 
path was equal to the yarn diameter which made sure there was no gap between the 
interlaced yarns at crossovers. In addition, straight line was deployed to describe the yarn 
path between the crossovers. The limitation of this model was that the yarn flattening 
induced during the textile processing was not considered. Later, Peirce used an elliptical 
yarn cross-section to represent the yarn flattening which improved the accuracy of the 
geometrical model. Naik et al. [31-34] developed a 2D geometrical model for the fiber 
yarns in plain woven fabric, where a periodic sinusoidal shape function was assumed to 
describe the yarn path. As presented in Fig.1.8, the interlaced yarns were perfectly in 
contact at crossovers whereby the yarn cross-section can be described according to the 
yarn path. Based on this geometrical model, the in-plane elastic properties were predicted 
through FE method and the result was consistent with experiment. Later, Naik and 
Ganesh [34] successfully predicted the failure of the woven composites under uniaxial 
static tension based on this model.  
 





Figure 1.8 2D geometrical model of fiber yarns in plain woven fabric [34] 
 
Shang and Hoa [35] proposed another geometrical model for woven fabric composite 
based on microscope observation. In this modeling, an elliptical shape was used to 
describe the yarn cross-section with a constant area. The thickness and width of yarn was 
used to represent the cross-section shape. Fig.1.9 presents the central path of the 
horizontal yarn (along x-direction) and the cross sections of the perpendicular yarns. It 
can be seen that the central path of the yarn in the plain woven RVE model was defined 
by combining two crimp functions: the elliptical function for the crossover sections 
(denoted as “T”) and the straight line function for the rectilinear section between the 
crossover segments (denoted as “C”). In this study, the parameters identifying those 
geometrical functions were obtained from the measurement of actual specimen, which 
included: (1) yarn thickness “t”, yarn width “w”, (2) spacing between the cross-section of 
parallel yarns, and (3) dimensions of the RVE model. The advantage of this model 
compared to aforementioned geometric modeling is that the textile geometry was 
modeled as the final equilibrium configuration of the composite after manufacturing. The 
geometries of the woven composite were described based on the specimen measurement. 




Thus the actual influences of the resin infusion on the internal geometries during 




Figure 1.9 Geometrical model for plain woven composite [35] 
 
In addition to the crimp fabric composite (e.g. woven, braided, etc), the mesoscale 
modeling techniques for NCF composite have been developed as well. For NCF, the 
crimp model is not of interest because there is almost no out-of-plane crimping of fiber 
yarn. Usually, the mesoscale RVE model of NCF composite consists of composite ply 
and the stitching system [4-8, 36-40]. The stitching can affect the mechanical 
performance of the composite in both positive and negative way [4]. The positive effect 
includes the improvement of the out-of-plane properties provided by the through-
thickness stitches. Many studies have been conducted to explore the influence of stitching 
on the improvement of the delamination toughness [41-45]. The increases of both mode I 
and mode II toughness of carbon-reinforced NCF composites were determined 
experimentally by means of Double Cantilever Beam (DCB) test and Three Point 




Bending test, respectively [41, 42]. As a result, the stitching was found to provide an 
improvement of up to 15 times in mode I delamination toughness and 4 times in mode II 
delamination toughness. In addition, Sun et al. [46] proposed a FE modeling scheme to 
study the influence of stitches on mode I delamination toughness for laminated DCB 
composite specimens. In this method, the stitch was modeled as a two-node beam 
element. Virtual crack closure technique (VCCT) was used to determine the strain energy 
release rate and stress intensity factor at the crack tip. Later, a simpler FE modeling 
scheme was developed by the same group [43, 44], where mode I and mode II 
delamination toughness of z-pin reinforced composite laminates can be calculated 
through FE method. The non-linear spring element was used to represent the through-
thickness Z-pin whereby the pull-out process of the Z-pin fiber can be simulated. This 
new FE modeling scheme is presented in Fig.1.10, which shows the arrangement of the 
nonlinear springs in a Z-pinned DCB composite specimen. The bi-linear relation between 
bridging force and fiber pull-out distance was defined for the spring element. This 
constitutive relation was based on the fiber pull-out model proposed by Zhang et al. [47] 
and Liu et al. [48]. Furthermore, Tasi and Chen [45] applied the non-linear spring 
element to the study on the mode I strain energy release rate of non-crimp stitched 
composite. The effect of stitching fiber stiffness on the mode I strain energy release rate 
was investigated based on the 3D FE model combined with the crack closure integral 
method. The numerical study results were consistent with the experimental data. 
 





Figure 1.10 FE modeling scheme of the effect of z-pin by distributed nonlinear springs: (a) 
schematic of a DCB test; (b) section of z-pinned composite; (c) FE model for this section with 
distributed springs [43]. 
 
On the other hand, the negative influence of stitching on the mechanical performance of 
NCF composite has been also investigated [4, 40, 49, 50]. As mentioned in the previous 
section, the needles penetrating the plies during the textile process may cause local fiber 
misalignment, discontinuity, and breakage. Lomov et al. [4] conducted an experimental 
observation of the internal geometry of the carbon-reinforced non-crimp fabric. 




According to their observations, the deviations of fiber orientations caused by the 
stitching were found near the stitching sites. As presented in Fig.1.11, the rhomboidal 
shape deviations in 45
o
 ply were defined as “cracks” (Fig.1.11a) while “channels” 
(Fig.1.11b) were identified as the deviations formed in 90
o 
ply. The experimental study in 
[50] revealed that the permeability of fabrics during the resin-infusion was affected by 
those disturbances, which resulted in resin-rich zones in NCF composites. It was further 
explored that the presence of resin-rich zone affected the stress distribution and damage 
pattern. For the study of textile composite containing those resin-rich zones, FE method 
has been extensively used [36, 50-53]. For instance, FE based RVE model for biaxial 
NCF laminates was developed with accurate description of geometries of resin-rich zones 
[50]. The dimensions of the resin-rich zones were obtained based on the specimen 
measurement. The experimental validation in [53] showed that this FE model can provide 
more accurate prediction of the composite stiffness than CLT. In addition, the FE 
simulation revealed that the damage pattern was related with the stress concentrations in 
the plies at the stitching sites. Later, Mikhaluk et al., [51] extended the geometric 
modeling method in [50] to the analysis of quasi-isotropic NCF laminates (see Fig.1.12). 
The effective mechanical properties were predicted successfully by taking the resin-rich 
zones into account. The relation between stitching pattern and damages was also revealed 
through failure analysis. In addition, Zhao et al. [52] developed a 2D FE model to study 
the failure behavior of [0/90]s NCF composite laminates in longitudinal tension. They 
assumed a circular cross-section of the yarn with the resin-rich zone involved in the FE 
model. The FE simulation indicated that damage developed within the transverse yarn 
and resin pocket at early loading stage. After the damage propagated into the longitudinal 




yarn, final failure of whole laminates occurred very quickly. Tserpes and Labeas [36] 
developed another approach for simulating the mechanical performance of NCF 
composite “PI joint” structure. In this FE model, the stitches were applied as external 
reinforcements (see Fig.1.13), whose geometries were obtained from the scanned images 
of actual specimens. 3D elastic beam elements were used to represent the stitches. 




Figure 1.11 Illustration of deviations of fiber orientations caused by stitching yarn: (a) Cracks in 
45
o
 ply; (b) Channels in 90
o
 ply [4]. 
 





Figure 1.12 Scheme of RVE model of NCF composites with different fiber orientations: (a) 0 




Figure 1.13 Scheme of RVE model of NCF composites with additional stitchines: (a) 0 degree; (b) 
45 degree [36]. 




A computer aided engineering (CAE) tool for the modeling of different textile 
composites was proposed by Lomov et al. [19, 20, 54-60], called WiseTex. It is capable 
of modeling the accurate geometry of 2D and 3D woven, braided, and non-crimp stitched 
fabric. The geometry of the yarn is described based on the input data such as yarn width, 
yarn thickness, yarn shape, etc. Textile fabric can be modeled in the wake of yarn 
modeling using the textile information such as weave patterns, yarn count, yarn space, 
etc. If necessary, data from fiber can be used to evaluate the yarn properties. WiseTex can 
use fabric and yarn data, obtained from manufacturer or standard test, as a starting point 
for textile composite modeling. Furthermore, several softwares [57] have been developed 
integrated with WiseTex by the same group. For example, LamTex is applied to model 
the textile composite laminates based on the fabric model obtained from WiseTex. FETex 
can export the solid model to a script file, and then perform FE analysis in ANSYS. 
MeshTex can be used to generate FE meshes directly from WiseTex solid model. In 
addition to geometrical model, mechanical analysis on the textile fabric can be 
implemented by this integral software package. For instance, TexComp has been 
developed to predict the effective stiffness of a textile composite using Mori-Tanaka 
inclusion model [57]. 
 
To summarize, the advanced textile structural modeling techniques can provide accurate 
description of internal geometries of textile fabric at meso level. Based on that, meso 
RVE model can be generated by combining the fabric architecture and the matrix system. 
After that, the geometrical model can be converted into finite element meshes whereby 




FE analysis can be performed to predict the effective material properties and determine 
the damages.  
 
In the engineering application, “the overall mechanical performances of composite parts 
are of interest” [61]. Thus, a computational model at macro level is required in the 
engineering design of composite components. On the other hand, considering the 
structural hierarchy of textile composite, the macroscopic mechanical performance can be 
highly influenced by the geometries and mechanical properties at lower levels. Therefore, 
it is reasonable to implement computational analysis across different length scales to 
study the macroscopic behavior of textile composite parts. Generally, there are two 
families of multiscale modeling techniques:  local-global method and global-local 
method. In recent decades, the local-global multiscale modeling techniques have been 
developed for analysis of heterogeneous materials such as alloy, porous media, and 
composite materials. They usually involved the material property homogenization 
schemes based on the following assumption: the heterogeneous material can be replaced 
by an equivalent homogenous volume.  The simplest method to obtain the effective 
mechanical properties from the heterogeneous microstructure is the rule of mixture. 
Besides, some other homogenization methods have been developed based on the 
empirical formulation [10, 18]. Aforementioned volume-partition techniques were also 
applied to predict the effective stiffness of composite materials [14-18]. In addition, 
Moulinec and Suquet [62] proposed a numerical technique to investigate the local and 
global response of composites. Their method can directly apply the digital images of real 
specimens into the numerical analysis. The images provided the data sampled in a grid of 




regular spacing whereby the Fourier transforms were used to obtain the overall 
mechanical response of the unit cell. This method provided an alternative to the unit cell 
partition. However, it was limited to the analysis of microstructure with uniform cross-
section since the 2D digital image was used for microstructure characterization. In 
addition, the accuracy of the simulation strongly relied on the resolution and contrast of 
the images. Geers et al. [63] presented that FE method was preferable to other techniques 
in the local-global material property homogenization because it can analyze vast types of 
heterogeneous materials and provide accurate prediction by considering the detailed 
microstructures. Michel et al. [64] discussed the application of FE approach to predict the 
effective properties of composite materials with periodic microstructure. They reported 
that periodic strain and stress fields were necessary for periodic unit cell to make sure the 
displacement and traction continuity between neighboring unit cells. Using FE method, 
the effective stiffness of unit cell can be obtained with prescribed overall stress. This 
method has been compared with the technique proposed in [62]. As a result, both of them 
can provide comparable results on the test samples. Another micro FE homogenization 
method for composite was presented by Carvelli and Taliercio [65]. In this method, 
regular hexagonal pattern RVE was assumed to represent the fiber arrangement in UD 
composites. The global constitutive law was described based on the volume average of 
the stress field on the RVE. Incremental form was obtained so that the nonlinear behavior 
of composites can be modeled.  Later, Carvelli and Poggi [66] extended this method to 
the analysis of woven fabric composites. Two-steps homogenizations were carried in 
their model. The mechanical properties of fiber yarn were obtained from the microscopic 
model in [65], where the yarn were considered as UD fiber reinforced composites with 




prescribed fiber volume fraction.  Then, the macroscopic response of woven composite 
laminate can be obtained. This method was validated against to experiment and obtain a 
good agreement [66]. In addition, Lomov et al. [20] has applied Carvelli’s 
homogenization method [65] in their modeling software WiseTex to predict the effective 
stiffness of fiber yarn and textile composite laminates.  
 
Contrary to the local-global method, the global-local modeling starts from the 
macroscopic analysis. The conventional global-local method included identifying the 
region of interest when applying the external loads upon the macroscale model [67-69]. 
These regions can be the crack tips, critical regions with high stresses, or potential region 
where damages will take place. Then, they will be further analyzed with a refined model. 
The early attempt of global-local modeling through FE analysis was made by Whitcomb 
et al. [67]. In their modeling, the global model with coarser mesh was used as a guide to 
determine the critical regions. Then the local refinement was carried out for the identified 
regions. The displacements obtained from the global FE model were considered as the 
external boundary conditions on the local one. Newton-Raphson iterative method was 
applied to enforce the displacement continuity between the global and local models. Later, 
Whitcomb [68] extended this global-local model to the stress analysis of textile 
composites. The global model of plain woven composite containing nine subcells in 2D 
space was used and each subcell with refined mesh was defined as local model. Stress 
analysis was performed under different loading conditions for global model. Again, the 
displacements of the global model were applied as boundary conditions on the local 
model. The multiscale FE simulation indicated that the accurate stress can be predicted 




only for the interior cell due to the free edge effect on the other exterior cells. 
Furthermore, Srirengan et al. [69] applied the global-local stress analysis in [68] to the 
3D problem. In this model, the global FE analysis was performed for 3D plain woven 
composite with coarser mesh. Homogenized material properties were defined for the 
global model. The nine-subcell configuration proposed in [68] was converted into 3D 
space. Considering the free edge effect on the exterior cells, only interior cell was used as 
local model. Detailed textile geometry was described in the local model whereby the 
local FE analysis was performed. A short cantilever plate problem was solved to validate 
the proposed multiscale modeling method. The proposed global-local model provided a 
consistent prediction with another FE model using detailed geometry for the entire plate.  
 
One of the limitations of the global-local modeling above is that the detailed local 
mechanical response can only be studied on the specific region of interest. In addition, 
because the local analysis performed based on the global phenomenon, when nonlinear 
constitutive model or damage are taken in account, some parameters are usually required 
based on empirical model to reproduce the material behavior such as plastic yielding, 
damage onset and propagations. That requires a large number of reliable data to predict 
the progressive material responses and the accuracy is problematic if complex loading 
conditions and environment are involved [70]. To overcome those limitations, Takano et 
al.  [71] has discussed the possibility of modeling a two-way multiscale modeling method 
where the homogenization method can be used to obtain the global properties from local 
model while the local stress fields were calculated from global stress to determine the 
failure mode at local level. However, the direct link between the external loads and the 




local stress was not well established in their work. It was also reported that appropriate 
failure criterion should be developed in the multiscale modeling approach to capture the \ 
local damage modes. To explore this issue, a literature review of failure approach for 
textile composites is presented in the next section. 
 
1.3 Review of Damage Modeling of Textile Composites 
 
To study the progressive mechanical behavior of the fiber-reinforced composite 
structures, an accurate analysis shall consider the possible damage mechanisms (e.g., 
tensile fracture of fiber, fracture of matrix, delamination, fiber kinking) and the complex 
interactions among them. For textile composites, the damage conditions are more 
complex because of the textile geometry and material inhomogeneities. The textile 
composite analysis should capture the influences of the textile architectures formed by 
the fiber yarns on the damage onset and propagation in the ply (meso level), as well as 
the damage evolution processes within the fiber yarns (micro level).  
 
The multiscale nature of damage in textile composites requires damage modeling at 
different length scales. At each level, appropriate failure criterion and damage modeling 
technique should be applied. This section discusses the literature of various failure 
criteria and the progressive damage modeling techniques which can be adapted for failure 
analysis of textile composites. 
  
 




1.3.1 Failure Criteria 
 
In the study of composite materials, failure criteria were widely used to determine the 
condition under which the structure fails. The earliest failure criteria include the 
Maximum Stress Criterion, which is initially proposed for orthotropic material by Jenkins 
[72] where the failure condition was predicted according to a stress allowable. Later, 
Waddoups [73] proposed the Maximum Strain criterion where the strain allowable was 
used. Presently, these two criteria are still widely used to predict the onset of fiber 
breakage because of their ease-of-use. In addition, Hill [74] extended the von Mises yield 
criterion from isotropic to anisotropic materials. In his method, a polynomial failure 
criterion was proposed with identical tensile and compressive strength. Hoffman [75] 
applied Hill’s criterion for the composites by considering the distinct tensile and 
compressive strengths. Tsai [76] also generalized Hill’s criterion to fiber-reinforced 
composites where different longitudinal, transverse and shear failure strengths were 
specified. The approach now is called Tasi-Hill criterion. Later, Tsai and Wu [77] 
developed a more general failure criterion with a quadratic form. Their criterion assumed 
that all stress components affected the composite structure failure, but with different 
weights of contributions. This criterion is extensively used in the engineering design of 
composite structures due to its accuracy and convenience. To validate those theories, a 
number of aforementioned failure criteria were deployed through a FE analysis to predict 
first-ply failure in laminated composites [78, 79], which include Maximum Stress 
criterion, Maximum Strain criterion, Tsai-Hill’s criterion, Hoffman and Tsia-Wu’s 
criteria. It was indicated that FE code allowed the user to select the desired failure 




criterion to predict the initial failure of a ply in laminated composite. It was also 
concluded all failure criteria perform equivalent failure predictions when in-plane loads 
were applied. But the results were not consistent when the laminates were subjected to 
transverse load. For instance, Tsai-Hill and Maximum Strain criterion predict the similar 
first-failure ply and failure load but have different prediction results with the other 
criteria. In addition to the first-ply failure prediction, numerous progressive failure 
approaches have been developed to model the damage propagation in the composite 
structure in recent years. For instance, Tsai [80, 81] extended the Tsai-Wu criterion to a 
progressive failure criterion where the ply-by-ply progressive damage was predicted until 
the final fracture of composite laminates. This criterion was validated by experiment in 
[81] and consistent results were obtained. The details of the progressive damage 
modeling technique applied in [80] will be presented in the next section.  
 
Apart from the polynomial criteria for failure prediction at ply-level, Hashin and Rotem 
[82] proposed a micro-mechanics based criterion which first specified the failure criterion 
for different micro failure modes (fiber failure and matrix failure) of UD plies. Hashin 
[83, 84] later extended his criterion to the 3D failure analysis. Shahid and Chang [85, 86] 
further developed Hashin’s criteria by considering three micro failure modes: matrix 
failure, fiber breakage and fiber-matrix shear-out. In addition, Puck and Schurmann [87, 
88] developed a phenomenological criterion for micro-mechanical failure prediction. In 
this criterion, fiber failure was predicted by a stress or strain allowable and inter-fiber 
failure (also known as matrix cracking) was predicted based on the modified Mohr-
Coulomb theory. Truong et al. [7, 89] applied Puck criterion to determine the transverse 




damage of non-crimp stitched composites while Maximum Stress criterion for fiber 
failure. It is noted that Puck’s criterion still uses the stresses at laminar level. Thus, a 
number of parameters are needed to reproduce the failure behavior according to 
experimental data because there is no link between the laminar loads and the local stress 
fields. 
 
Gosse [90, 91] proposed a strain-based failure criterion, also known as the Strain 
Invariant Failure Theory (SIFT), to predict the constituent failure in composite. In this 
method, strain amplification matrix was proposed to relate arbitrary deformation at 
laminar level to the strain state at prescribed points within the micro RVE. Thus, the 
location of damage in the microstructure can be determined based on the micro strain 
fields. In addition, thermal mechanical deformations can be taken into account in this 
criterion. Li et al. [92, 93] has applied SIFT to predict the matrix-dominated failure in 
composite structures including I-beams and T-cleats. Only first strain invariant was used 
to predict the failure which provided consistent results with experimental data. Tay et al. 
[94-96] have integrated SIFT with their element-failure method (EFM) to successfully 
predict the progressive damage in composite laminates based on 3D FE analysis. Later, 
Ha [97] developed a stress-based failure criterion, which is known as Micro-Mechanics 
of Failure (MMF) criterion. In Ha’s method, microstructure stress distributions in fiber-
reinforced composite were obtained using stress amplification factors to directly link 
arbitrary laminar stresses to the micro stress field. Stress amplification factors were 
calculated based on the prescribed reference points within the 3D microscale RVE 
whereby global failure analysis can be performed to determine local damage modes 




according to separate failure criteria. In this method, the modified von Mises failure 
criterion was used to predict the failure initiation of epoxy matrix considering its distinct 
tensile and compressive strengths.  In addition, Maximum Stress criterion was used to 
predict the onset of fiber breakage. It was noted that linear elastic material properties 
were assumed for both matrix and fiber in this work. Stress amplification factors were 
also calculated as constant because of the linear global-local stress correlations. Sun et al. 
[98] incorporated a modified MMF criterion and the non-iterative element-failure method 
(NEFM) to carry out the progressive failure analysis of fiber-reinforced composite. 
Correction coefficients were added to the stress amplification factors in the original MMF 
criterion to consider the effect of nonlinear behavior when the matrix under tension and 
the ply subjected to the in-plane shear. Corresponding correction coefficients were 
calculated based on the matrix tensile failure strain and the ply shear failure strain, 
respectively. Later, Ha [99] integrated the MMF criterion with a progressive damage 
modeling to perform the failure analysis of laminated composites. This modified MMF 
criterion is now called Tsai-Ha criterion. The progressive damage modeling technique 
applied in this method will be presented in the next section. 
 
A comparison between the leading failure criteria has been carried out in the World-Wide 
Failure Exercise (WWFE). The first WWFE started in 1995 [100-103], which performed 
an extensive evaluation of nineteen failure criteria based on a wide range of experiments. 
Both strengths and weaknesses of those theories have been identified based on the 
qualitative assessments. As a result, aforementioned failure criteria developed by Tsai [80, 
81] and Puck [88] have been ranked in the “group 1”, which exhibited top predictive 




capabilities and had less than one fundamental weakness. In addition, the aforementioned 
Tsai-Ha theory was enrolled in both second [104-105] and third WWFE [106] due to its 
high accuracy and reliability.  
 
1.3.2 Progressive Damage Modeling Techniques 
 
Predicting only damage onset is usually not sufficient in the mechanical analysis of 
textile composite as the onset of damage occurs typically at a much lower load than the 
ultimate failure load. Thus, progressive failure analysis is performed to study the 
influence of accumulative damage on the mechanical performance. Generally, three 
approaches are commonly applied in the progressive damage modeling of composite: 
Material Property Degradation Method (MPDM), element-failure Method and element-
partition method.  A brief review of these approaches is given in this section. Then, the 
FE based MPDM applied for progressive failure analysis of textile composite is discussed 
in more detail. Finally, the continuum damage method with smeared crack propagation 
modeling is introduced. 
 
MPDM is a practical approach for progressive damage modeling of composite materials. 
It treats the material with defects as a homogenous material with no defects but with 
reduced elastic modulus [107-114]. In the beginning, the material properties of damaged 
composites are modified at the ply-level. In this manner, the damage modes of the plies 
in the composite laminates are usually classified into fiber failure and matrix cracking. A 
stress analysis of the composite laminate was usually performed to identify the first ply 




failure. For the matrix failure, the stiffness of matrix in the damaged ply was reduced at 
the onset of the first matrix crack. The Young’s modulus in the transverse directions E2, 
E3 and the shear modulus G12, G13, G23 of the damaged ply were then reduced with a 
fraction of the original value. Here, the subscript 1 refer to the longitudinal fiber direction 
whereas 2 and 3 refer to the transverse directions. On the other hand, the consequence of 
the fiber failure was the loss of load-carrying capability in all directions. When the 
stiffness of the damaged ply is reduced, a new stress distribution of the laminates is 
presented. Thereafter, the stiffness reduction scheme is iteratively applied to the new 
stress distribution and predicts the next ply failure. The analysis is stopped when the final 
fracture of laminates predicted. MPDM can be incorporated with appropriate failure 
criterion to perform progressive failure analysis. For example, Liu and Tsai [80] have 
integrated a progressive damage modeling technique into their quadratic failure criterion. 
In this method, a micro-crack mechanism was modeled when the first-ply failure was 
predicted. Corresponding degradation factors were then assigned for different failure 
modes. It was noted that the micro-crack model for matrix failure was only available 
when failure was caused by a positive strain component. In the case of compressive strain 
in transverse direction, only longitudinal fiber failure was considered. In addition, the 
effect of micro-cracking on the longitudinal compressive strength was modeled, where an 
exponential compressive strength degradation model was proposed according to the 
reduction of longitudinal shear modulus. In [80], the authors suggested using 0.15 as 
matrix degradation factor, 0.01 for fiber degradation, and 0.1 for compressive strength 
degradation exponent based on empirical data. This criterion successfully described 
progressive intralaminar failures of composite laminates in 3D space. In addition, Ha [99] 




has applied progressive failure approach to his previous proposed failure criterion MMF. 
In this method, the failure of fiber and matrix was treated separately. On one hand, the 
damage evolution of matrix was controlled by a degradation function based on the Kuhn-
Tucker loading-unloading condition. On the other hand, instantaneous degradation was 
modeled for the fiber failure, which was independent on the matrix failure. It was also 
noted that linear elastic properties were assumed in this approach, which may reduce the 
accuracy of the prediction since many types of epoxy resin exhibit nonlinear behaviors. 
 
The Element-failure approach was initially proposed by Beissel [117]. The concept of 
this approach was to model crack propagation within FE elements. In his approach, the 
nodal force was released based on a fraction of the stresses contribute to the nodal forces 
of the element. The fraction depends on the crack length within the element. Because the 
failed elements were not removed from the mesh, remeshing is not needed.  Tay et al. 
[118] extended Beissel’s approach to analyze the damage and delamination in low-
velocity impact of laminated composites. A new Element-failure method (EFM) was 
proposed by Tay et al. [118] for progressive damage modeling in composites under quasi-
static loading. This approach reduces computational effort since no remeshing and 
reformulation of the stiffness matrix is required. 
 
The Extended-finite element method (XFEM) is a popularly used element-partition 
methods to study the cracking propagation of composite laminates. Belytschko and Black 
[119] proposed a discontinuous enrichment function which was applied to the finite 
element to take account of the presence of a crack. The concept of linear elastic fracture 




mechanics was used to derive the enrichment functions around the crack tip based on a 
local partition of element.  Moës et al. [120] developed an element-partition scheme 
where the crack propagation can be represented without constant remeshing. Later, 
Sukumar et al. [121] extended the method for three-dimensional crack modeling. A 
modeling method with branching and intersecting of the crack was proposed.  Remmers 
et al. [122] applied the XFEM to the analysis of delamination growth in thin composite 
laminates. Recently, J. Bienias et al. [123] carried out a damage analysis of composites at 
the microscale by using XFEM to model the damage of fiber and matrix. XFEM can be 
also used to represent the material discontinuity in the composite materials.  M. Kastner 
et al. [124] used the XFEM to compute the effective stiffness of textile composites.  In 
this method, XFEM was applied to represent the material interface by modeling weak 
discontinuities within a finite element. The number of material interfaces was limited to 
two. For two-interface element, two enrichment functions were used with two vectors of 
additional degrees of freedom. The elements were subdivided into tetrahedral integration 
domains under an automated modeling scheme. The material interfaces were localized 
according to the microscope images of textile composite. The idealized geometry model 
was used and the predicted effective stiffness agreed well with experimental data. 
 
The FE based MPDM is discussed here that has been extensively used to capture the 
progressive damage in textile composite. This approach usually predicts the damage 
within an element and makes reduction on the material properties of that element with 
damage factor. Using FE method, a number of progressive failure analysis have been 
performed to study the failure initiation and failure development inside the mesoscale 




RVE [52, 58, 71, 111, 113 125]. The property degradation in textile composite can be 
developed based on existing progressive damage model for UD composite. For instance, 
Takano [71] proposed a FE modeling of progressive damage for woven and knitted fabric 
composites using Murakami-Ohno damage model [126] where the Hoffman criterion was 
incorporated to predict the damage onset. In this damage modeling, the damage factors 
were used to perform the stiffness reductions when the occurrence of damage was 
defected. The damage factor was changed from 0 (initial undamaged state) to 1 (full 
damaged state). The different failure modes identified by Murakami for a UD composite 
[126] have been used here to represent the damage mechanisms within the fiber yarn 
whereas isotropic damage model was used for failure in resin pocket. Later, Zako [113] 
applied this damage modeling technique to successfully implement the progressive 
failure analysis of plain woven composite under uniaxial tension, which revealed that the 
matrix damage initiated at yarn crossover zones and then propagated to the resin pocket. 
It was also found that the fiber failure in the longitudinal yarn led to the final failure of 
the RVE model. In addition, material property degradation model can be developed for 
specific textile composite. For example, Blackketter et al., [127] proposed a stiffness 
degradation scheme for graphite/epoxy plain woven composites. FE model was used to 
estimate the influence of damage development on the stiffness reductions. Tension and 
shear loadings were applied to the model and the simulation results were validated 
against to experimental data. Based on this degradation model, progressive damages were 
predicted by Nicoletto and Riva [125] for twill-weave laminates under tension. Tang and 
Whitcomb [111] applied a modified version of Blackketter’s degradation model to a 
progressive failure analysis of woven composites where the degradation factors were 




chosen based on a discrete crack modeling of woven composites [128]. In [128], the 
stress redistribution due to the discrete cracking in the plain woven composite was 
investigated through FE analysis. As presented in Fig.1.14, the cracks were modeled in 
the transverse fiber tow (fill tow) and six-boundary conditions were applied to study the 
stresses in both cracked and uncracked unit cells. Based on that, a complete degradation 
factors were suggested for graphite/epoxy plain woven composites. The authors 
suggested using 0.01 as degradation factor for longitudinal tensile modulus, 0.125 for 
transverse modulus degradation in either resin pocket or fiber tow, and 0.375 for shear 
modulus. In addition, Zhao et al. [52] extended Blacketter’s work to progressive damage 
modeling of [0/90]s NCF laminated composite which exhibited that different damage 
onset location and different load levels of initial failure and final failure were predicted 
for different failure criterion combinations. With experimental verification, the authors 
suggested the failure criterion combination of using Maximum Stress criterion for the 
yarn and von Mises or Drucker-Prager criterion for the resin pocket. The advantage of 
aforementioned damage modeling methods is that they can provide a direct selective 
stiffness reduction according to different damage modes. However, Lomov [129] 
presented that the assumption of volume-wide degradation in the modeling approaches 
above did not necessarily hold in the FE based progressive failure analysis of textile 
composites. Their experimental study (including X-ray inspection and microscope 
measurement) exhibited that only a few cracks per yarn are identified rather than a 
formation of multiple cracks in the damaged textile composite. Thus, the authors 
suggested a single crack-like defect modeling within a finite element. In this method, the 




elastic constants of the element were calculated based on Eshelby’s inclusion model 




Figure 1.14 Crack modeling within the transverse fiber tow of the plain woven unit cell [128]. 
 
In fact, prior to Lomove’s single-crack model, the crack modeling method have been 
developed by several researchers. Kachanov [130] first proposed a continuum damage 
mechanics (CDM) model where the concept of linear elastic fracture mechanics was 
applied and the energy release rate was used as the internal state variable for crack 
propagation. In this method, a crack-tip-plasticity method was developed which showed 
that when the crack was initiated and started to propagate, the stress will decrease with 
the crack opening other than fall to zero immediately. This continuum model was applied 
in FE analysis by Hillerborg et al. [131] where the fracture toughness was defined as 




material properties. Allen et al. [132, 133] developed a continuum damage model in the 
failure analysis of composite laminates. In this method, the damage evolution in the 
matrix was modeled based on Kachanov’s approach. The predicted results agreed well 
with experiments. Reddy et al. [134] also proposed a gradual stiffness reduction model 
with the application of finite element method. A stiffness reduction coefficient was used 
to control the material property degradation process. It was a value between 0 and 1 
where 1 refereed to an undamaged element and 0 refereed to the total failure. His results 
showed that the gradual stiffness reduction model provided more accurate ultimate load 
than those stiffness reduction schemes which reduced the material properties of damaged 
element to zero instantaneously [135, 136]. In addition, a smeared crack model was 
developed by Pinho et al. [137] where a cohesive crack was modeled inside the element. 
The basic ideal of the smeared crack modeling was the balance between the strain energy 
released rate and the fracture toughness of material. In this manner, uniform stiffness 
degradation can be obtained by smearing out the damage over the whole element volume. 
It was exhibited that the mesh dependency can be eliminated when a characteristic length 
of the element involved in the energy balance. However, a maximum critical element size 
was required to avoid that, an element has more elastic energy than the energy dissipated 
for the crack formation across it before the failure onset. This energy-regularized smeared 
crack model has been applied by Camanho et al. [138] to investigate the in-plane size 
effects in notched carbon/epoxy laminates. Recently, Chen et al. [139] extended the 
smeared crack model to the study of the thickness-dependency of fiber direction mode I 
fracture toughness with a linear post-failure softening law. In this method, the fiber 




failure in ply was determined by the Maximum Stress criterion and a linear softening law 
was modeled for the post-failure behavior. 
 
1.4 Aim of the Study 
 
In view of the previous studies, there is need to integrate the available modeling tools into 
a holistic multiscale framework capable of simulating, designing and analyzing the 
performance of structures made of textile composites.  
 
A new multiscale computational modeling is proposed here to study the mechanical 
behavior of macroscopic structure based on the microstructural phenomenon. In this 
approach, the constituent failure modes can be captured at different length scales. 
Another advantage is that the material properties are defined based on the constitutive 
model at lower length scale. Therefore, this approach can be performed using properties 
of constituents (such as fiber and matrix) from manufacturer or standard test. There is no 
need of additional analysis or experiment to define specific macroscopic properties. In 
addition, this approach is a general framework which can adapt various textile structural 
composites.   
 
1.5 Scope and Outline 
 
A multiscale modeling approach across three length scales is proposed in this thesis to 
predict damage progression leading to final fracture of textile composites. Here, the 




carbon fiber reinforcement within the yarn is described through micro modeling while the 
mesoscale RVE includes detailed textile architectures of fiber yarns and infused resin 
pockets, whereby mechanical performance of macroscopic laminated composite upon 
quasi-static loading can be studied.  
 
A novel two-way information transfer method is proposed across different length scales. 
On one hand, through appropriate homogenization approach, the local inhomogeneous 
material is replaced by a global homogenous model with equivalent material properties. 
On the other hand, multiscale stress states are computed to capture the local failure 
modes. Micromechanisms of constituent damage (fiber and matrix) can be captured using 
appropriate failure criteria. The treatment of the damage involves the continuum stiffness 
reduction based on appropriate damage evolution laws. Nonlinear constitutive models, as 
well as damage, are also taken into account.  Finally, the macromechanical analysis can 
be conducted based on the prescribed data obtained from the analysis at lower length 
scales, which is computationally inexpensive.  
 
The structure of the thesis is outlined as below. In chapter 2, the methodology of the 
multiscale modeling approach is introduced for the progressive failure analysis of textile 
composite laminates. Chapter 3 presents the implementation of the proposed method to 
the failure analysis of plain woven composites. This method is then developed to a 
nonlinear multiscale modeling approach for the failure analysis of NCF composites in 
Chapter 4. Chapter 5 extends the method to study the influence of defects contained in 
the NCF laminated composites. Finally, Chapter 6 presents the conclusion. 




Chapter 2  
Multiscale Modeling Approach 
 
In this chapter, a multiscale modeling approach is developed to perform progressive 
failure analysis of textile composite laminate. In the proposed approach, textile composite 
material is treated as macroscopically homogeneous but inhomogeneous at meso and 
micro length scales. The FE method is used to precisely model the material 
inhomogeneities and stress localizations. Based on the local stress analysis, damage 
mechanisms at different length scales can be captured. The multiscale damage modes of 
textile composite are presented in Fig. 2.1. It is demonstrated that the damage of the 
macroscopic homogenous part in the textile composites can be indicated by the 
mesoscopic damage in either fiber yarn or resin pocket. The failure in resin pocket is 
regarded as damage in isotropic epoxy matrix. Meanwhile, the damage mechanisms 
within the fiber yarn are represented by the failure modes identified for a UD composite 
[52, 58, 71, 111, 113 125]. Two microscale failure modes are identified here within the 
yarn: fiber failure and matrix failure.  
 





Figure 2.1 Multiscale damage mechanisms of textile composites 
 
Based on the definition of length scales in Chapter 1, three FE models are built and 
analyzed individually. The schematic diagram of the proposed multiscale modeling 
approach is illustrated by Fig. 2.2 which includes a two-way bridging algorithm. On one 
hand, the smeared material properties of macroscale model are obtained from the 
underlying micromechanical and mesomechanical analysis where a local-global material 
property homogenization is performed. On the other hand, a global-local stress 
“dehomogenization” is performed which calculates the mesoscopic and microscopic 
stresses resulting from stress-redistribution following damage at the micro level. 
According to the multiscale stress fields, the multiscale damage modes in Fig 2.1 can be 
determined. Once the damage onset is determined, a progressive damage modeling 




technique is applied to update the macroscopic material properties so that the damage 
evolution in the composite structure can be predicted. 
 
Figure 2.2 Multiscale modeling strategy of textile composites 
  
In this chapter, we elaborate the proposed multiscale modeling approach from the 
following aspects. In the beginning, section 2.1 presents the local-global material 
property homogenization method with periodic boundary conditions (PBC) imposed on 
the RVE model. Then, section 2.2 interprets Tsai-Ha theory which includes the global-
local stress amplification method and the failure criteria for separate constituent failure 
modes. The smeared continuum damage modeling method is demonstrated in section 2.3 
to describe post-failure behavior of damaged element. Finally, the computational 




implementation of the progressive failure analysis is illustrated by a flow chart in section 
2.4. 
 
2.1   Material Property Homogenization Method based on Periodic 
Boundary Conditions 
 
Periodic RVE has been widely used to investigate the effective material properties of 
composites. Nemat-Nasser and Hori [140] reported that the predicted effective material 
properties were dependent on the applied boundary conditions on a RVE. The earlier 
applied uniform displacement condition (also known as “plane-remains-plane” condition) 
and uniform traction boundary condition predicted the upper and lower bounds of the 
effective stiffness, respectively. It was also concluded that the usage of the periodic 
boundary conditions (PBC) can guarantee more accurate results. Subsequently, Li et al. 
[141] and Xia et al. [142, 143] proposed a general periodic boundary constraint approach 
for micro analysis of composites where FE analysis for a micro RVE was performed to 
predict the effective mechanical properties of composite laminates. PBC was further 
extended to the analysis of textile composites by Tang and Whitcomb [144, 145]. This 
systematic approach was derived from the concept of “equivalent subcells” in [144] 
where the general equations for subcells were formulated by introducing two vectors: 
subcell vector and constant vector. The constant vector is a reference vector indicating 
the direction and distance of the whole cell from the origin whilst subcell vector is added 
to the constant vector to indicate the absolute position of the subcells. In this section, the 
general boundary conditions proposed by Xia et al. [142, 143] are presented. They are 




also deployed in this study to perform stress analysis and predict effective material 
properties through calculating the average stress and strain tensors of a RVE. 
 
2.1.1   Periodic Boundary Conditions 
 
The periodic array of the RVE is shown in Fig.2.3 where two continuities must be 
satisfied for the neighboring RVEs. One is displacement continuity at opposite 
boundaries which guarantees that the neighboring RVEs will neither be separated nor 
overlapped at the boundaries. The other one is traction continuity which implies the same 
traction distributions at the opposite boundaries. 
 
 
Figure 2.3 Periodic structure (a) undeformed shape of RVE (b) deformed shape of RVE [143]. 
 
For continuous displacements, the displacement-difference boundary conditions are 
written as [142] 
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indicate the displacements of node, where i = x, y, and z, 
represent the directions of nodal displacement. “j+” and “j-” denote the jth pair of two 
opposite boundary surfaces of a RVE.  ik  




are constants for each pair of the boundary surfaces. Since 
j
kx indicate 
the initial distances between the opposite parallel boundaries, they are available only 
when k = j (
j
kx = 0 when k   j). Here, the constants 
j
ic  represent the average 
deformations of the RVE. When i = j, normal stretch or contraction are applied, whereas 
the case of i   j represents shear deformations. It is noted that, under this displacement-
difference boundary condition, the original plane doesn’t necessarily remain a plane after 
the deformation (see Fig. 2.4). In addition, Eq. 2.1 doesn’t require the value of 
displacement at each boundary. Instead, the displacement differences 
j
ic  need to be 
specified between two opposite boundaries. Using FE method, the above displacement-
difference functions can be easily used as nodal displacement constraint equations [143].  
 
 
Figure 2.4 Illustration of displacement continuity condition  




In addition to displacement continuity, the traction continuity conditions are guaranteed 
by the equation below [143]: 
 
0j jik ik 
                                                                  (2.2) 
 
Where σik are the stresses on the parallel boundary surfaces. When i = k, normal stresses 
are represented and shear stresses are represented when i   k. 
 
In [143], a displacement-based FE analysis was conducted. It was demonstrated that Eq. 
2.1 in the displacement-based FE analysis can satisfy the traction continuity condition 
(see Eq. 2.2) automatically. The reason of Eq.2.1 in the displacement-based FE analysis 
satisfies the traction continuity condition automatically is because the tractions are 
reaction forces (stresses) resulting from the deformation. In order to explain this 
statement, a RVE “ABCD” made up by four sub-RVEs is taken as an example in Fig.2.3a. 
The periodic displacement differences (according to Eq. 2.1) applied on the larger RVE 
will produce same deformation for each smaller RVE. It can be seen that the tractions at 
line “EO” are continuous, which represents right boundary of sub RVE “AEOG” and left 
boundary of sub RVE “EBHO”. Considering the same deformation of these two sub-
RVES, same traction distribution can be obtained at the left boundaries “AG” and “EO” 
for “AEOG” and “EBHO”, respectively. Thus the traction continuity condition at the 
opposite boundaries “AG” and “EO” for sub-RVE “AEOG” is satisfied. It should be 
emphasized here that, the traction continuity condition is automatically satisfied only 




when the displacement-based analysis is performed. For general problems, both equations 
2.1 and 2.2 should be applied for a complete PBC definition. 
 
2.1.2   Effective Material Properties  
 
In this section, the effective stiffness matrix of a RVE is calculated. Displacement-based 
FE analysis is performed to obtain the average stresses and strains. The local-global 
material property homogenization is conducted based on the following assumption: 
material properties of a heterogeneous material can be represented by the effective 
properties of an equivalent homogenous one (as shown in Fig. 2.5). Thereafter, the 
average stiffness matrix of a RVE can be used to represent the effective material 
properties of composite material. The average stresses and strains over a RVE can be 













      (2.4) 
 
where ij and ij  indicate the average stresses and strains, respectively. V denotes the 
volume of the RVE. 
 





Figure 2.5 Material property homogenization for a heterogeneous RVE. 
 
The divergence theorem and the equilibrium equation div (σ) = 0 in V and is used to 
express the volume-average stresses as an integration over boundary surfaces [146, 147] 
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Where nk  indicate the unit vector normal to the boundary surface, which has only one 
non-zero component (unity value) on each surface. Applying the periodic stress condition 
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Recalling that when k   j, =0j jx x
  . Thus Eq. 2.6 can be expressed as [143] 
 


















Where the average stresses can be calculated from the total tractions on the boundary 
nodes and the area of the corresponding surfaces, which can be easily obtained from the 
FE analysis. Meanwhile, the divergence theorem is also used to calculate the volume-






j j i i
ij ij i i j j j i
V S S
= dV = (u u n dS (u u n dS
V V
     
 
   
  
  
                                        
(2.8) 
 






ij i j j ic S c S
V
  
                                                            
(2.9) 
 












                                                                                
(2.10) 
 
To calculate the effective stiffness matrix of the RVE, the global stress-strain relation of 
the RVE mode can be expressed as 
 




1C ΣE                   (2.11) 
 
Σ and E denotes the average stress and strain matrix, respectively. They can be obtained 
based on Eq. 2.7 and Eq. 2.10 with six boundary-value problems. 66 global stress and 
strain arrays can be obtained to determine the stiffness matrix C . 
 
2.1.3   PBC of a 3D RVE model 
 
In this section, displacement differences equations defined in Eq. 2.1 are applied as nodal 
displacement constraint equations to a 3D RVE model. Three pairs of opposite boundary 
surfaces are indentified for a 3D RVE model in Fig. 2.6: 
 
1. X-/X+ pair of surfaces normal to x axis 
2. Y-/Y+ pair of surfaces normal to y axis 
3. Z-/Z+ pair of surfaces normal to z axis 
 





Figure 2.6 Three pairs of boundary surfaces of a 3D RVE model 
 
As described in Fig. 2.6, the dimensions of a RVE are defined by L, W and H. The X+, Y+ 
and Z+ planes are taken as the master surfaces (the nodes on those surface are called 
master nodes), whereas the opposite X-, Y- and Z- planes are taken as slave surfaces. 
Every node on the slave surfaces (also known as slave node) corresponds to the node on 
the master surface (with the same in-plane coordinates). In the proposed constraint 
equation, displacements of the slave nodes should coincide with the displacements of 
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In the equation above, ,
j
i slaveu and ,
j
i masteru denote the displacements of the slave node and its 
corresponding master node, respectively. i = x, y and z, indicates the normal direction to 
three pairs of boundary surfaces, and j = x, y, and z, represents three directions of nodal 




displacement. For each pair of boundary surface, the displacement differences 
j
ic are used 
to represent the deformations of the RVE. Table 2.1 outlines the six periodic boundary 
conditions applied to the RVE model (known as BC1 through BC6) where prescribed 
displacement differences 
j
ic  are defined. Using the values of 
j
ic given in Table 2.1, the 
global strain array E can be calculated according to Eq. 2.10. Meanwhile, the global 
stress array Σ is acquired from FE simulations under the six boundary conditions (see Eq. 
2.7). In the end, the effective stiffness matrix C can be determined according to Eq. 2.11. 
 
Table 2.1 Six periodic boundary conditions applied to RVE model 
 




When applying the PBCs into the 3D RVE model, three additional dummy points are 
deployed here corresponding to three pairs of boundary surfaces. Dummy points are the 
nodes artificially created outside the FE mesh. The displacements of dummy points are 
related with the displacements of real nodes on the mesh. The prescribed displacement 
differences defined in Table 2.1 are replaced by the displacements of the dummy point. 
Hence, Eq, 2.12 can be rewritten as 
 
, , , ,
j j j j j





i dummyu denotes the displacements of the dummy points. i = x, y and z, indicate 
three dummy points which govern the relative displacements between ith pair of 
boundary surfaces. j = x, y, and z, represent the dummy point displacements along three 
principle axes. Two examples are presented in Fig. 2.7 to illustrate the usage of the 
dummy points in a 2D plane problem. In Fig. 2.7a, displacement is defined to one of the 
dummy points along x-axis that represents the displacement differences between all the 
slave nodes (at left boundary) and their corresponding master nodes (at right boundary) in 
the x-direction. As a result, a horizontal stretch is created on the RVE with a periodic 
boundary condition. It is noted that the PBC defined here only constraints the difference 
of nodal displacement between slave and master node. The left and right boundaries do 
not necessarily remain straight but they should have the identical deformed profile (as 
seen in Fig. 2.4). Likewise, an in-plane shear deformation is represented by another 
dummy point displacement, ,
x
y dummyu , which indicates the displacement difference between 




the slave nodes (at lower boundary) and the corresponding master nodes (at upper 




Figure 2.7 Usage of dummy points for PBC modelling 
 
To implement those periodic boundary conditions in the FE analysis software - ABAQUS, 
the command “*Equation” is used to describe the constraint equations in Eq, 2.13. The 
equations of multi-point constraint are written into the ABAQUS input file. In this 
manner, the nodal displacement differences between the three pairs of opposite surfaces 
(X-/X+, Y-/Y+, Z-/Z+) are individually modeled. In addition one fixed node needs to be 




defined on the RVE to avoid the rigid body motion. Most of the time, the node in the 
center of the RVE is selected for this boundary condition. 
 
2.2 Micro-Mechanics of Failure (MMF) Theory 
 
This section presents the principle of the Micro-Mechanics of Failure (MMF) theory (also 
known as Tsai-Ha theory), which are employed for the first time to predict the damage in 
textile composite. The MMF theory was proposed by Ha et al. [97] where local stress 
distributions in fiber-reinforced composite can be obtained by linking arbitrary global 
stress to the local stress field. MMF theory is preferable in this study because it can 
explicitly distinguish between the different constituent failure modes. Based on that, 
corresponding failure criteria for the constituent (fiber and matrix) can be applied 
independently. In addition, this stress-based micromechanics approach allows using the 
constituent strength values directly from the manufacturer, material handbook, or 
standard tests to determine the local damage mechanisms. Here, a stress amplification 
method is introduced to calculate the local stress fields from the global stresses. Then, a 
set of constituent failure criteria is adopted to determine the damage onset in textile 
composite.  
 
2.2.1    Stress Amplification Method 
 
To obtain the local stress states, a global-to-local stress transfer can be performed through 
the amplification equations below [97-99]: 






ΔT σ M σ A




Where Lσ and Gσ  indicate local and global stress states, respectively. Gσ  is the external 
stresses applied upon the RVE while Lσ represents the local stress field within the local 
structure. In addition, ΔT  is the temperature increment; M, and A represent the stress 
amplification factors for global stress and the temperature increment which may vary 
with positions. FE analysis is performed to determine the stress amplification factors of 
RVE model. The proposed multiscale modeling approach involves two steps of stress 
amplification (meso-to-micro and macro-to-meso), through FE analysis of two RVEs 
(microscopic and mesoscopic). They are presented separately in following paragraphs. 
 
2.2.1.1 Micro Stresses Calculated from Meso Stresses 
 
To calculate the micro stress field, the stress amplification equation in Eq. 2.14 can be 
modified to 
 




Where subscripts  and m  denote microscale and mesoscale, respectively;  μmM  and 
mA  indicate the mechanical stress amplification factors and thermal stress amplification 
factors from meso level to micro level. Prior to the failure analysis, FE analysis is 




performed to calculate the stress amplification factors with the selected reference points 
in the microscopic RVE model.  
 
Here, two types of micro RVE are used to represent different fiber arrangements: square 
and hexagonal (see Fig. 2.8a and Fig. 2.8b). To calculate the meso-micro stress 
amplification factors, reference points are separately selected at the “critical regions” in 
the fiber and matrix phase. The “critical regions” usually represent the locations with 
high stress concentrations and where damage may occur. Sun et al. [98] chose the 
reference point locations within a micro RVEs as illustrated in Fig. 2.9. It shows that 
points 1 through 13 are defined at the fiber-matrix interface in both square and hexagonal 
RVEs (see Fig. 2.9c). In Fig. 2.9a, points 14 through 18 are chosen in the matrix region in 
the square model. Points 14 through 19 in the matrix of hexagonal were defined in Fig. 
















mmmmmmm σσσσσσΣ    (2.18) 
 




In the equations above, iσ  is the stress array corresponding to different boundary 
conditions. i = 1 to 6 denote the six boundary conditions applied on the microscopic 
model. It is noted that the stress amplification factors only need to be calculated once for 
a given material system. After that, they can be readily applied in the failure analysis. 
 
 
Figure 2.8 Microscopic RVE with (a) square fiber arrangement (b) hexagonal fiber arrangement. 
 





Figure 2.9 Reference points in microscopic RVE: (a). Matrix of square model; (b). Matrix of 
hexagonal model; (c). Fiber of square and hexagonal models [98] 
 
 
2.2.1.2 Meso Stresses Calculated from Macro Stresses 
 
In this study, the MMF theory is extended to the failure analysis of textile composite. FE 
analysis is performed for the mesoscale RVE model to capture the damage mechanisms 
at meso constituent level (yarn and resin pocket) arising from the non-uniform meso 
stresses. To calculate the meso stress field, the stress amplification equation in Eq. 2.14 
can be expressed as  
 




Where subscripts m and M  denote mesoscale and macroscale, respectively;  mMM  and 
mMA  indicate the mechanical stress amplification factors and thermal stress amplification 




factors from macro level to meso level. The macro-meso stress amplification factors are 
computed based on the equation below,  
 
1







MMMMMMM σσσσσσΣ    (2.21) 
 
i
Mσ indicate the macroscopic external stresses applied on the mesoscale model, where i = 
1 to 6 denote the six boundary conditions. For MΣ , the mesoscopic stress array 
i
mσ described by Eq. 2.18 is regarded as local stress fields here. They are extracted 
according to the selected reference points within the mesoscale RVE model. The typical 
reference points identified are presented in Fig. 2.10 when the meso RVE is under a 
uniaxial tension along x-axis. The reference points within the fiber yarn and resin pocket 
are chosen separately and the arrangement of the reference points closely follows the 
local stress distributions on the meso RVE model. As presented in Fig. 2.10a, local 
longitudinal stress σ11 (parallel to the fiber direction) is used for identifying the reference 
points within the fiber yarns. An index DMMF is used for identifying the reference points 
in the resin pocket (see Fig. 2.10b). DMMF is obtained based on a modified von Mises 
failure criterion proposed in Tsai-Ha theory as matrix failure criterion. This criterion will 
be elaborated later in section 2.2.3.  
 





Figure 2.10a Reference point selected in fiber yarn based on meso analysis according to σ11. 
 
 
Figure 2.10b Reference point selected in epoxy pocket based on meso analysis according to DMMF. 




The reference points adopted in this method should be able to represent the “critical 
regions” in the mesoscale RVE under different external loads. Thus, six boundary 
problems described in Table 2.1 are solved in the mesoscale stress analysis to obtain a 
complete set of stress amplification factors. The details of reference point identification 
and calculation of stress amplification factors will be explained in the mesomechanical 
analysis of woven (Chapter 3) and NCF composites (Chapter 4), respectively.  
 
2.2.2    Fiber Failure Criterion 
 
In Ha-Tsia theory [99], Maximum Stress criterion is applied to capture the fiber failure 
initiation. The Maximum Stress criterion is initially proposed by Jenkins [72] from the 
assumption that failure takes place “whenever any one of the stress components attains its 
critical value”. The critical values are determined through a series of tests in which the 
specimen is under a uniform, uniaxial state of stress. The original form of this criterion is: 
 
1 11 1 2 22 2 3 33 3; ;S S S S S S  
               
12 12 23 23 13 13; ;S S S                                                                 (2.22)        
                                                                                            
Where the superscripts “+” and “-”  denote the tension and compression, respectively; S1 
indicates the ultimate normal stress in the fiber direction, S2 and S3 the ultimate stresses in 
the two transverse directions, and S12, S23 and S31 the ultimate shear stresses.  
 




Ha proposed an alternative for fiber failure prediction using a quadratic failure criterion, 
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                                                                        (2.23) 
 
The criterion above takes the orthotropy of carbon fiber into account. However, except 
the longitudinal tensile and compressive strength, there is usually lack of reliable 
measurements of the other strength values. Thus the above equation can be simplified 
into a more practical form [99], 
 
 1 11 1S S
                                                                        (2.24) 
 
2.2.3   Matrix Failure Criterion 
 
In Ha’s theory, the von Mises failure condition is modified by taking into account the 
difference between tensile strength S
+ 
and compressive strength S
-
. The damage factor 
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Where vM represents the von Mises stress 
 





1 23vM I I                                                                        (2.26) 
 
and  I1 and I2 denotes the first and second stress invariant, respectively 
 
1 1 2 3I       
 2 2 22 1 2 2 3 3 1 12 23 13τ τ τI                                                                  (2.27)                                           
 
In this manner, the damage at matrix and fiber can be predicted separately. Therefore, 
specific material property degradation factors can be applied corresponding to the 
different damage mechanisms identified by the failure criteria above. The details of the 
damage modeling method will be discussed in the next section.  
 
2.3 Progressive Damage Modeling 
 
In this section, a progressive damage model is developed, which is incorporated with the 
Material Properties Degradation Method (MPDM) to describe a post-failure softening 
behavior of damaged element. It is noted that failure analysis in textile composites 
involves different damage modes that leads to different influences on the overall effective 
behavior of composites structures. The damage modes identified in textile composite is 
presented in Fig. 2.11 [71]. This figure illustrates that the damages within the fiber yarn 
and in the resin pocket can be distinguished from the damage in the macroscopic textile 
composite structures. In addition, the damage mechanisms for a UD composite are used 
to represent the failure modes in the fiber yarn [52, 58, 71, 111, 113 125] where the loss 




of load carrying capacity in the longitudinal direction is usually attributed to the fiber 
failure while the reduction of normal transverse properties and shear modulus are mainly 
governed by the matrix damage. 
 
 
Figure 2.11 Damage modes for textile composite [71] 
 
Material properties degradation method is deployed here based on the assumption that a 
material with damage can be modified by reducing the elastic stiffness. For a failed 
element, the elastic constants are reduced as below: 
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ijE  and 
*





ijG  are the values of initial stiffness. The value of stiffness degradation factor d is 
given between 0 and 1.  The initial value of d is 1, which represents the undamaged state.  
For different damage modes, corresponding degradation factor is defined as follows,  
 
1. L
ongitudinal failure due to fiber fracture: values of d11, d22, d33, d12, d13, and d23 are 
reduced.  
 
2. Other failure modes due to matrix damage (includes micro matrix damage within 
the yarn and damage in the resin pocket):  values of d22, d33, d12, d13, and d23 are 
reduced, d11 remains 1. 
 
Note that the amounts of stiffness reductions are not constant for all textile composite 
types. Different degradation scenarios for different textile composites will be discussed 








2.3.1 Energy Based Continuum Damage Mechanics Model 
 
A number of numerical and experimental studies proved that the damages in composite 
structure exhibited a gradual propagation of fracture [131, 148-151]. In addition, in the 
proposed multiscale modeling, it is too conservative to remove all the load-carrying 
capability from the material of macroscopic structure when the damage occurs in the 
microstructure. The continuum damage mechanics (CDM) model has been developed via 
FE method to allow a gradual stiffness reduction within a damaged element [130-134, 
137-139]. In this section, an energy based CDM model proposed by Pinho [137] is 
deployed to model the crack propagation within a failed element, where the stiffness is 
degraded, not instantaneously with a constant ratio but gradually according to the current 
stress state. The basic idea of this smeared crack modeling is the balance between the 
strain energy released rate and the fracture toughness of material. Considering the energy 








                       (2.30) 
 
Where V is the element volume; 0 and f indicate the material strength and maximum 












             (2.31) 




Where Gc is the fracture energy, which can be determined as the material properties of 
the material and Le is one element dimension. Thus the constitutive behavior of failed 
element can be obtained. As illustrated in Fig. 2.12, the reduction of the stiffness is 
defined by the slope of the softening process, where 0  is the critical stress for crack 
initiation. Fracture energy Gc  and characteristic element length Le are used to determine 









                                                                            (2.32) 
 
Note that, the critical energy regarded as a material property here, is independent on the 
element size. Equation 2.32 is developed to ensure this independency, by including the 
strain to failure and characteristic element. In this manner, even the element size varies, 
the critical energy value remains constant. 
 
  
Figure 2.12 Constitutive behavior for the failed element [137] 




Based on the linear softening law described in Fig. 2.12, the softening factor ns is used to 
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Therefore, the gradual stiffness reduction scheme can be developed by adding the 
softening factor to the Eq.2.28 and 2.29, 
 
  * 01 1 1 ,ij s ij ijE n d E i j       ,                                                                         (2.34) 
 
  * 01 1 1 ,ij s ij ijG n d G i j                                                                                (2.35) 
 
The softening law is applied for both fiber and matrix failure. The fiber fracture is 
modeled as Mode I and only the Mode I fracture toughness GfIc is used. At the same time, 
the matrix fracture is modeled as mix-mode, and the fracture energy Gmc is determined 
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Where the superscript m is a semi-empirical criterion exponents at different mode ratios. 
Gmn and Gms are fracture energy defined at the damage onset as, 


















                                                                           (2.38) 
 
The material properties used in proposed CDM model are listed in Table 2.2. Value of 
GfIc is obtained from the experimental investigation in [153]. Chen et al. [139] used the 
same value for their thickness dependency study of mode I fracture toughness on 
multiply laminated composites. The fracture properties for epoxy resin are determined by 
fitting to experimental data [154]. They were also used in the numerical study of size 
effect on the tensile strength of composite laminates containing circular central holes 
[155]. 
 






















2.4 Flow Chart 
 
The flowchart in Fig. 2.13 illustrates the computational implementation of the 
progressive failure analysis. The algorithm of the present analysis includes the stress 
amplification, failure prediction, and material degradation process.  It comprises of 
following steps: 
 
1. The FE analysis at macro level is performed with prescribed displacement. The 
effective material properties predicted through the micro and meso analysis are used 
as input data. The stress amplification factors are also prepared prior to the macro 
analysis. 
 
2. Obtain the macroscopic stress by assembling the global stiffness matrix and solving 
the macroscopic nodal displacements. 
 
3. Perform macro-to-meso stress amplification (see Eq. 2.19). Two sets of stress 
amplification factors are used to calculate the stresses in the fiber yarns and the 
resin pockets separately.  
 
4. Perform meso-to-micro stress amplifications (see Eq. 2.15). The mesoscopic 
stresses in fiber yarn are transferred into microscopic stresses in the fiber and epoxy 
matrix.  
 




5. Apply failure criterion to predict the damage initiation. The Tsai-Ha theory is used 
to predict the damage initiation of fiber and matrix separately. A modified von 
Mises criterion (as shown in Eq. 2.25) is used to capture the matrix damage in both 
resin pocket and fiber yarn, whereas fiber failure is determined by the Maximum 
Stress criterion (Eq. 2.24).  
 
6. Deploy the degradation models to the damaged element. When the damage 
initiation is predicted, a damage tensor d is used for the stiffness reduction of 
damaged element according to the indicated damage mode. In addition, a softening 
factor ns is used for the linear softening behavior. The stresses in the macroscopic 
model are thus updated for current increment and the evolution of the damage can 
be predicted (see Eq. 2.34 and Eq. 2.35). 
 






Figure 2.13 Flowchart of the progressive failure analysis implementation 






The algorithm of the multiscale modeling approach is elaborated in this chapter. The two-
way information transfer scheme based on material property homogenization and stress 
amplification is also discussed. Based on that, a code for progressive failure analysis of 
textile composites across different length scales is developed. This code can perform 
stress amplification, failure prediction and stiffness degradation.  
 
The MMF criterion is applied in this study, which can offer the failure information at 
micromechanical level. The advantage of MMF is that it determines not only the stress 
level of damage onset, but also the position within the RVE where the damage has 
occurred. It is useful when the damage mechanisms are complex.  For example, in the 
textile composite the failure modes need to be distinguished explicitly at fiber, fiber yarn 
or matrix phase so that corresponding stiffness reduction factor can be applied. 
 
The continuum damage mechanics (CDM) model is applied and presented in this chapter. 
The stiffness is degraded, not by a constant ratio but continuously according to the 
current stress state. This method relates the energy release rate and the crack opening to 
the load-carrying capability of the damaged element based on the concept of fracture 
mechanics. The damage tensor is used to perform the stiffness reduction according to the 
identified damage mode. A softening factor is used as well to model a linear softening 
post-failure behavior. 




Chapter 3  
Progressive Failure Analysis of Plain Woven Composites 
 
3.1     Modeling Strategy 
 
The plain weave is the simplest form of woven textile structure. Plain woven based 
composite materials are of much interest in the applications subject to out-of-plane loads, 
due to the high delamination and impact resistance. A road map is presented for the 
failure analysis of plain woven composites within the framework of multiscale modeling 
approach.  It consists of the following steps: 
 
1. Build the geometrical model of the microscale RVE to represent the microstructure 
of the fiber yarn. Here, two fiber arrangement types are modeled: square and 
hexagonal. 
 
2. Implement the micromechanical FE analysis based on its geometrical model. Six-
boundary problems are resolved with the periodic boundary constraints. The 
simulations predict the effective material properties of fiber yarn in the woven 
composites. In addition the meso-to-micro stress amplification factors are determined 
by extracting the stress states on the prescribed reference points. 
 
3. Build the geometrical model of the mesoscopic plain woven structure. In the first 
place, mathematical topology of the plain woven structure is established based on 




appropriate assumptions. Then, the topology is translated into the geometry of the 
fiber yarn and the composited resin pocket where the dimensions are determined by 
measuring the composite specimens under microscope.  
 
4. Implement the mesomechanical analysis using finite elements. They provide 
prediction on the effective material properties of the plain woven composites. 
Moreover, the macro-to-meso stress amplification factors are also computed.  
 
5. Carry out the macromechanical analysis with an open-hole plain woven laminated 
composites under a quasi-static axial tension.  The ultimate tensile stress and the 
damage patterns are predicted through the progressive failure analysis.  
 
6. Concurrently, conduct experiment to verify the simulation results. The multi-ply 
plain woven composite laminates are made using vacuum assisted resin transfer 
molding (VARTM). Tensile test is carried out according to ASTM standard D3039 
[156]. 
 
3.2 Micromechanical Model 
 
The idealized periodical representative volume element (RVE) consists of individual 
matrix and fibers modeled in a three-dimensional space. In the microscale model, fiber is 
defined as a transversely isotropic material while the matrix is modeled as an isotropic 
material. Here, two RVEs are used to represent different fiber arrangements: square and 




hexagonal (see Fig. 2.8). They both assume a uniform packing of the carbon fibers in the 
yarn. The volume fraction Vf occupied by the fiber is 65% in the microstructure. It is 












                                                                                                 (3.1) 
 
Where Nf is the number of filament in a yarn and df is the fiber diameter. They are 
predefined by the fiber manufacturer (Nf is 3000 and df is 7μm ). Ay is the cross section 
area of fiber yarn, which is acquired from the composite specimens measurement (the 
measuring is elaborated in the next section). T300/epoxy (EPICOTE 1004) is used as the 
material system of plain woven composites. The mechanical properties of the raw 
materials (fiber and epoxy resin) are listed in Table 3.1 and Table 3.2, respectively. The 
subscript 1 of the material property refers to the fiber direction whereas 2 and 3 stand for 
the direction transverse to the fiber. In Table 3.1 the values of fiber longitudinal modulus 
Ef11 and tensile strength Sf11
+ 
are provided by the manufacturer. Thereafter, the values not 
provided by the vendor are selected from [157] because it gives the closest values of Ef11 
and Sf11
+
 (210 GPa and 3530 MPa, respectively) to the manufacturer’s data (230 GPa and 
3560 MPa, respectively). The material properties of epoxy resin in Table 3.2 are based on 
the manufacturer’s specification sheet. All of those material properties are used as the 








Table 3.1 Material properties of carbon fibers (T300) 
Properties Values 
Ef11 (GPa) 230 
Ef22 (GPa) 15 
Ef33 (GPa) 15 
Gf12 (GPa) 27 
Gf23 (GPa) 7 




Longitudinal tensile strength Sf11
+ 
(MPa) 3560 
Longitudinal compressive strength Sf11
-
  (MPa) 3560 
 
 





Here, unit displacements in three cases of normal deformation and three cases of shear 
deformation are deployed in the micromechanical analysis. The periodic nodal 
displacement constraints (BC1 through BC6 defined in Table 2.1) are applied. For each 
boundary condition, local stress distributions in the microscopic RVE can be obtained. 
The typical stress contours are depicted in Fig. 3.1 and Fig. 3.2. From the average stresses 
and strains, the effective stiffness matrix C can be obtained (see Eq.2.11). The 
compliance matrix S for the periodic RVE is thus determined by inversing the stiffness 
Properties  Values  
Em (GPa) 3  
Gm (GPa) 1.11  
νm  0.35  
Tensile strength Sm
+
 (MPa) 25  
Compressive strength Sm
-
 (MPa) 100  
Shear strength Sm
shear
 (MPa) 100  




matrix. So the compliance matrices for both square and hexagonal models (Ssquare and 




0.0071 0.0032 0.0032 0.0000 0.0000 0.0000
0.0032 0.1534 0.0399 0.0000 0.0000 0.0000
0.0032 0.0399 0.1534 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.1597 0.0000 0.0000

















0.0074 0.0029 0.0029 0.0000 0.0000 0.0000
0.0029 0.1577 0.0599 0.0000 0.0000 0.0000
0.0029 0.0599 0.1577 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.1678 0.0000 0.0000




 S C 1
1678 0.0000






                  (3.3) 
 
For orthotropic material, the relations between the components of compliance matrix Sij 
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Based on the Eq. 3.2 to Eq. 3.4, the values of Young’s modulus, Poisson’s ratio and shear 
modulus are calculated (see Table 3.3) which represent the effective material properties 
of fiber yarn. The material properties calculated based on rule of mixture are also 




outlined in Table 3.3 which agree well with the simulation results. Note that there is a 
larger discrepancy in the value of ν23 rather than the other properties. In fact, the 
calculated value of ν23 is obtained from the transverse tensile modulus E22 and shear 
modulus G23. The difference between the calculated and predicted value is because the 
assumptions in the inverse rule of mixture for E22 and G23 calculation become invalid in 
the micro-mechanical FE model. In the inverse rule of mixture, identical average stress 
over the fiber and matrix domains is assumed however in the present FE models, neither 
stress nor strain over the fiber and matrix domains is consistent. 
 
 
Figure 3.1 Local stress contours in square microscale RVE: (a). Longitudinal axial stress σ11 under 
BC1; (b). Transverse axial stress σ33under BC3; (c). Longitudinal in-plane shear stress τ13 under BC5; 
(d). Transverse shear stress τ23 under BC6 
 





Figure 3.2 Local stress contours in hexagonal microscale RVE: (a). Longitudinal axial stress σ11 under 
BC1; (b). Transverse axial stress σ33under BC3; (c). Longitudinal in-plane shear stress τ13 under BC5; 
(d). Transverse shear stress τ23 under BC6 
 
Table 3.3 Predicted effective properties of fiber yarn 
 
Properties Square RVE Hexagonal RVE Rule of Mixture 
E11 (GPa) 140.7 135.3 150.55 
E22 (GPa) 6.52 6.34 6.25 
E33 (GPa) 6.52 6.32 6.25 
G12 (GPa) 3.13 2.96 3.17 
G13 (GPa) 3.13 2.93 3.17 
G23 (GPa) 2.59 2.28 2.67 
ν12 0.45 0.39 0.25 
ν13 0.45 0.37 0.25 
ν23 0.26 0.38 0.17 
 
In addition, the meso-to-micro stress amplification factors are calculated through this 
micro analysis. Reference points are separately selected at fiber and matrix phase with 
prescribed arrangement in Fig.2.9. The typical meso-to-micro stress amplification factors 




and their corresponding reference points are enumerated in Fig. 3.3 and Fig. 3.4.  It is 
noted that there is no failure involved in the micromechanics, and the material linearity is 
presumed. Therefore, the values of the stress amplification components are constant in 
the given material system. These data are extracted and used in the failure analysis at 
larger length scales to capture the local damages.  
 
 













3.3. Mesomechanical Model 
 
3.3.1    Geometric Modeling 
 
The mesoscopic RVE of plain woven composite laminate consists of two warp yarns 
interlaced with two weft yarns. These two fiber yarns in the plain woven structure are 
perpendicular to each other: weft yarn – path along direction-x and warp yarn – path 
along direction-y (see Fig. 3.5). The fiber yarn is modeled as a transversely isotropic part 
with linear elastic material properties, which are determined from FE simulation of 
microscale model. In addition resin pocket filling the gap between the fiber yarns is 
modeled as elastic isotropic material. The geometry of the plain weave structure is guided 




by the measurement of the actual specimens.  The plain woven laminated composites are 
made using vacuum assisted resin transfer molding (VARTM) with the material system 
of T300/epoxy resin EPICOTE 1004. Four specimens are cut and observed under the 
microscope. The typical micrographs are presented in Fig. 3.6. It is seen that the yarn 
cross section presents an ellipse-like shape which can be described by the measured yarn 
thickness and width.  
 
 
Figure 3.5 Fiber yarns in mesoscopic RVE of plain woven composites 
 





Figure 3.6 Cross section micrograph of the plain woven composite laminate: (a) & (b). Fiber 
bundle and resin rich zones images; (c). Overall view of bundle path and cross-section. 
 
Through measurement, the geometry of the fiber yarn can be characterized based on three 
assumptions below: 
 
1. The cross section of the fiber yarn is assumed elliptical in shape [35]. The major 
axis radius is denoted by la and the minor axis radius is denoted by lb (Fig. 3.7). It is 
assumed that the area and shape of the yarn cross section remain constant. The 
values of la and lb are determined from the specimen measurement. 
 




2. The waviness of the yarn follows the profile of cross section of the interlaced yarn.  
The crimp path of the centerline of the yarn is described using a parameterized 
function Z(X) [35]. As illustrated in Fig.  3.7, the path is divided into five segments. 
Z denotes the crimp height of the centerline of the yarn and X is the horizontal 
coordinate of the centerline. There are two curved segments (r2 and r4) which are 
tangential to the profile of the yarn cross-section. Three straight lines (r1, r3 and r5) 
are used to represent the portion between the curved segments. The crimp path 
function Z(X) is expressed in Eq.3.5 [35]. 
 




Figure 3.7 Geometry of fiber yarn 
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The parameters for geometric modeling are determined by the image processing 
technique. Here, four composite specimens were measured and six cross section images 
were captured for each one. A program is developed in MATLAB to read the 24 
micrographs and statistically calculate the dimensions. The measured results are listed in 
Table 3.4. 





Properties  Values (mm)  
la 0.75 0.078  
lb 0.075  0.013 
(X1, Z1)  0.4 0.05, 0.056 0.008  
(X2, Z2) 1.6 0.35, 0.056 0.011 
(X3, Z3) 2.4 0.17, -0.056 0.009  
(X4, Z4) 3.6 0.096, -0.056 0.008 
(X5, Z5) 4 0.023, 0 0.003 




Given this information, fiber yarn can be modeled as a 3D solid by extruding an elliptical 
cross-section shape along a two-dimensional spline (see Fig. 3.8). The function of the 
spline is described in Eq.3.5. Between the interlaced fiber yarns, the solid model of resin 
pocket is obtained by subtracting the shape of fiber yarns from a three-dimensional 




Figure 3.8 Three-dimensional Modeling of fiber yarn in ABAQUS  
 
The solid model is imported into a 3D finite element mesh model with prescribed element 
size as presented in Fig. 3.9. 2
nd
-order tetrahedral element (C3D10) is used in the model. 
Mesh density is defined according to the geometries. For instance, finer elements are 
used at the weft-warp interfaces as well as yarn-matrix interfaces while coarser mesh is 
defined in other regions. The mesh of the whole mesoscale RVE contains 15464 
elements. Another assumption is the perfect bonding at weft-warp and yarn-matrix 
interfaces. The pairs of elements at these interfaces are thus tied for all six degrees of 
freedom.  
 





Figure 3.9 Mesoscale finite element model: (a) Whole RVE (b) resin pocket (c) fiber yarn  
 
It is recalled that the material properties of the fiber yarn are obtained from the prediction 
of micro analysis as shown in Table 3.3. The constitutive relations are defined according 
to the local coordinates considering the material anisotropy of fiber yarn where the local 
axes in the yarn should follow the crimp path. By incorporating FORTRAN code into the 
user-defined subroutine – ORIENT, local orientations of material properties are defined 
for each fiber yarn element. Fig 3.10 illustrates the local material orientations modeled in 
fiber yarn, where 1-axis denotes longitudinal fiber direction while 2-axis and 3-axis 
indicate the transverse directions. 
 






Figure 3.10 Local orientations prescribed in fiber yarns  
 
3.3.2    Stress Analysis 
 
In this section, stress analysis of mesoscale RVE model under six boundary problems is 
performed. The applied boundary conditions are the same as those used in the micro 
analysis. One of the objectives of the meso stress analysis is to predict the effective 
overall material properties of the mesoscale RVE model. The results are also used in the 
macroscopic analysis of composite structures. As presented in Table 3.5, the plain woven 
laminated composites exhibit orthotropic characteristics. It is noted that no significant 
difference exists between the predicted material properties for square micro model and 
hexagonal micro model. In addition, the in-plane Young’s modulus Exx and Eyy are almost 
the same due to the identical reinforcements of weft and warp yarns in x-axis and y-axis, 
respectively. Those predicted in-plane tensile modulus and Poisson’s ratio are validated 
by the experimental data in section 3.5. As a result, the predicted longitudinal tensile 




modulus Exx agrees well with the experimental data (see experimental validation in 
section 3.3.4). The properties predicted from hexagonal model are used in the following 
analysis because it shows better proximity with experimental data than the square model 
(although the difference is very small). 
 
Table 3.5 Predicted effective properties of mesoscale RVE model 
 
Properties Square RVE Hexagonal RVE 
Exx(GPa) 39.07 38.31 
Eyy (GPa) 39.07 38.30 
Ezz (GPa) 5.3 4.75 
Gxy (GPa) 17.65 15.34 
Gxz (GPa) 5.96 4.88 
Gyz (GPa) 5.96 4.88 
νxy 0.073 0.065 
νxz 0.45 0.51 
νyz 0.45 0.51 
 
 
The macro-to-meso stress amplification factors are computed as well based on the meso 
stress analysis. The first step is identifying the reference points within the mesoscopic 
model. To obtain a complete set of reference points, local stress concentrations under all 
six boundary conditions are investigated. They are separately identified within the fiber 
yarn and resin pocket. Different local stress components are used to determine the critical 
region within the fiber yarn as demanded by its anisotropic feature. On the other hand, 
resin pocket is regarded as isotropic material, so failure criterion for isotropic materials 
(such as von Mises criterion) can be used to identify the critical regions. In this study, the 
matrix damage index DMMF is used to conduct critical region identification. This index is 




calculated subject to a modified von Mises criterion applied in MMF theory  (Eq. 2.25) 





 of epoxy matrix.  
 
The stress analysis results can be presented as stress contours (see Fig. 3.11 through Fig. 
3.18). For example, Fig. 3.11 illustrates that stress concentrations σ11 (σ11 denotes the 
stress component along the path of fiber yarn) locate at the crimp region of the yarn when 
it is under the longitudinal tension (BC1). Fig. 3.13 exhibits the stress distributions in 
fiber yarns under in-plane shear, which reveals that high stresses occur at the edge of the 
yarn interlacing area.  In addition, critical regions within the resin pocket are identified by 
index DMMF, which shows consistent stress concentration area within the yarns. Stress 
analysis under out-of-plane deformation (out-of-plane tension BC3 and out-of-plane 
shear BC5) is performed where stress concentrates are observed at yarn crimp and 
interlacing regions (see Fig, 3.15 to Fig. 3.18). These figures also illustrate the reference 
point identification under different loading conditions. It is seen that the arrangement of 
reference points closely follows the stress distributions on the mesoscopic model. They 
are chosen according to following rules: 
 
1. The selected references points must be able to represent the “critical regions” at 
high stress levels (within top 0.5% of all nodes). 
 




2. To reduce the computational cost, for each symmetric pair only one node is 
selected. For example, when the node at top surface is selected, the one at bottom 
surface locating at symmetrical position will be exempted. 
 
As a result, 232 nodes are selected as reference points with 76 nodes for each yarn and 80 
nodes for resin pocket.   
 
 
Figure 3.11 Reference points in yarn under BC1 based on local stress σ11. 
 





Figure 3.12 Reference points in resin pocket under BC1 based on DMMF. 
 
 
Figure 3.13 Reference points in yarn under BC4 based on local stress τ12. 





Figure 3.14 Reference points in resin pocket under BC4 based on DMMF. 
 
 
Figure 3.15 Reference points in yarn under BC3 based on σ33. 





Figure 3.16 Reference points in resin pocket under BC3 based on DMMF. 
 
 
Figure 3.17 Reference points in yarn under BC5 based on τ13. 





Figure 3.18 Reference points in resin pocket under BC5 based on DMMF.          
 
Typical macro-to-meso stress amplification factors are enumerated here for different 
components, i.e. weft yarn, warp yarn, and resin pocket: 
 




2.981 1.129 0.026 3.916 2.384 0.502
0.031 0.264 0.130 0.007 0.010 0.061
0.024 1.208 0.008 0.245 0.013 0.165
0.136 0.026 0.004 1.045 0.034 0.023
0.015 0.042 0.006 0.177 1.367 0.093

















                                      (3.6) 
 




Where 152 indicates the node number of the selected reference point and mM denotes the 
macro-to-meso stress transfer.  
 




0.130 0.032 0.246 0.102 0.114 0.029
0.101 2.879 1.025 0.370 2.142 4.985
0.000 0.015 1.106 0.186 0.011 0.145
0.000 0.004 0.002 0.921 0.179 0.034
0.007 0.001 0.027 0.096 1.635 0.014



















                                      (3.7) 
 




0.174 0.002 0.524 0.042 0.050 0.012
0.093 0.064 0.558 0.007 0.166 0.012
0.093 0.054 0.995 0.013 0.120 0.024
0.007 0.000 0.008 1.245 0.054 0.007
0.042 0.001 0.030 0.036 0.949 0.008



















                                      (3.8) 
 
3.3.3    Progressive Failure Analysis 
 
In this section, failure analysis is implemented for the mesoscale RVE under a uniaxial 
tension along weft yarn path. For each loading step, the stress analysis is performed based 
on the current nodal displacements. The stress components acting on the element of the 




resin pocket are used to capture the matrix damage. Concurrently, the yarn stress states 
are transferred into local micro stress at both fiber and matrix phase. Meso-to-micro 
stress amplification factors acquired from micro analysis are used here for the stress 
transfer. Thus, the microscopic fiber stress can be computed to determine the fiber 
fracture while the matrix damage within the fiber yarn can be captured by microscopic 
matrix stress. In addition, material property degradation factors dij discussed in section 
2.2.3 are deployed here to define the stiffness reductions for different damage modes. The 
values of degradation factors are outlined in Table 3.6. The gradual stiffness reduction 
scheme is also modeled with fracture properties presented in Table 2.2.  
 







Matrix Failure in 
Resin Pocket 
d11 0.0001 1 0.0001 
d22 0.0001 0.0001 0.0001 
d33 0.0001 0.0001 0.0001 
d12 0.0001 0.0001 0.0001 
d13 0.0001 0.0001 0.0001 
d23  0.0001 0.0001 0.0001 
 
The results from the meso failure analysis are presented and discussed here. Firstly, the 
damage patterns are illustrated in Fig. 3.19 to 3.21. It is seen that matrix damage initiates 
at the crimp regions at both weft and warp yarns under applied strain 0.12% (see Fig. 
3.19a). As shown in Fig. 3.19b, matrix damage in resin pocket occurs immediately after 
the damage onset in the yarns (at applied strain 0.15%). The damage propagations are 
illustrated in Fig.3.20 where extensive matrix damages exist in warp yarn while less 
matrix damages occur in the resin pocket and weft yarn. It reveals that the matrix 
damages propagate faster in transverse oriented yarn, when the composite structure is 




under longitudinal tension, rather than extends to the other regions. Fig. 3.21 presents the 
damage patterns at the fiber failure initiation (under applied strain 1.08%). It illustrates 
that fiber damage initiates at the crimp regions of weft yarns. At that time, extensive 
matrix damages are found in both weft and warp yarns. Fig. 3.21b exhibits the damage 




Figure 3.19 Matrix damage initiation modes in: (a) fiber yarns (εxx=0.12%); (b) resin pocket 
(εxx=0.15%). 









Figure 3.21 Damage patterns at: (a) fiber failure initiation in weft yarns (εxx=1.08%); (b) first 
significant load drop in resin pocket (εxx=1.16%). 





The stress-strain relation is presented in Fig. 3.22 where the predicted damage initiations 
are also labeled. It is seen that the damage onset of matrix first occurs in the fiber yarns 
followed by the matrix failure in resin pocket. This linear stress-strain curve shows that 
the matrix damage initiations at small strain level (0.12%-0.15%) have limited effect on 
the longitudinal tensile modulus. The significant stiffness reduction (at applied strain 
1.16%) is caused by the fiber failure (initiating at applied strain 1.08%) in the weft yarn. 
It is also noted that, after the first load drop, the residual tensile stiffness remains at a 
smaller level before reducing to zero. It can be explained by Fig. 3.22b where the damage 
accumulation is unsaturated in resin pocket at strain level for the first significant load 
drop. The undamaged elements in the resin pocket still have certain load carrying 
capability prior to the final fracture of the composite structure. Another possible reason is 
the application of graduate stiffness reduction scheme by which the stiffness of the failed 
element does not drop to zero instantaneously but gradually reduce with a liner softening 
behavior. Both of above reasons could contribute to the non-zero residual stiffness after 
the first load drop.  Finally, the final failure of mesoscale model occurs when applied 
strain reaches to 1.45%. 
 





Figure 3.22 Longitudinal stress-strain relation based on meso failure analysis  
 
 
3.3.4    Validation by Experiment 
 
Prior to the macro analysis, the mesoscale failure analysis is validated here by 
experiment. This experiment includes a group of unnotched plain woven composite 
samples tested under a uniaxial tension. The tested composite laminates are made with an 
EPICOTE 1004 epoxy resin reinforced by carbon fiber yarn T300-3K, which are the 
same as used in the numerical analysis. Epoxy resin is infused into the fabrics by the 
vacuum assisted resin transfer molding (VARTM) to make the composite samples. The 
configuration of VARTM system is introduced in Fig. 3.23. The resin and hardener is 
first mixed together and then infused into the plain woven fabrics through a Polyethylene 




tubes. Another Polyethylene tube is used as air suction tube, which is connected to the 
vacuum pump via a vacuum reservoir. After 24-hours running of vacuum pump, the resin 
penetrates into the fabrics and forms the composite panel. Four specimens are cut from 
the composite panel by water jet cutting machine. The dimensions of the samples are 
200mm × 24mm × 1.2mm.  Tensile test is conducted on an INSTRON 8501 machine at a 
constant displacement rate of 2mm/min. The specimen preparation and experiment 
implementation follow the ASTM standard D3039 [156]. Extensometer is also used to 
measure the strain of the samples with the initial distance of 25mm (see Fig 3.24). It is 
noted that, all the stress and strain presented in this thesis, either from experiment or 
simulation, are engineering values. Stress is obtained from the resultant force divided by 
the original cross-section area. Experimental strain refers to the average strain value over 
the gauge length of 25 mm as well as the simulation one.  
 
 
Figure 3.23 Configuration of the VRTM system 






Figure 3.24 Experiment setup with extensometer 
 
The stress-strain curves from the tensile test are presented in Fig. 3.25, which exhibits 
consistent mechanical linearity for all tested unnotched specimens. From the stress-strain 
relations, tensile modulus can be extracted. Also, ultimate tensile stress is obtained from 
the maximum stress level and the corresponding strain is regarded as the failure strain. 
The test results are summarized in Table 3.7. It is seen that the predicted longitudinal 
modulus from both square and hexagonal RVEs (39.07 GPa and 38.31 GPa, respectively, 
see Table 3.5) agree well with the tested tensile modulus (37.38 GPa, see Table 3.7). The 
predicted ultimate tensile stress and the failure strain are also validated here and they are 
both coincident with the test results. It is found that the predicted tensile strength (450.37 
MPa) is 5.5% lower than the test result whereas the failure strain from simulation 
(1.16%) presents 8.95% underestimation.  





3.25 Comparison of the stress-strain relations between simulation and experiment 
 





Ultimate tensile stress 
(MPa) 
Failure strain (%) 
1 38.00 481.5 1.27 
2 38.10 469.37 1.23 
3 37.50 483.62 1.29 
4 35.90 469.98 1.31 
Experiment (Mean)  37.38 1.02 476.12 7.49 1.27 0.06 
Simulation  38.31 450.37 1.16 
 
 
The damage patterns of the unnotched samples are also investigated. It is observed that 
the samples are broken with a brittle fracture surface (as shown in Fig. 3.26a). To get a 
better damage investigation, the tested specimens are observed under a microscope. The 
captured micrographs are presented in Fig. 3.26b which exhibit fiber breakage in the weft 
yarn (along tension direction) and fiber splitting in the warp yarn (parallel to the tension 




direction). The latter is caused by the transverse matrix damage due to the longitudinal 
tension. Both of them have been successfully predicted by the meso failure analysis (see 
Fig. 3.19 to Fig. 3.21). In addition matrix damage are observed as cracks within resin 






Figure 3.26 Failure pattern of tested unnotched specimen  




3.4. Macromechanical Model 
 
3.4.1 FE Modeling 
 
In this section, the FE based macro failure analysis developed in Chapter 2 (see the flow 
chart in Fig. 2.13) is performed for four-layer plain woven composite laminates. Because 
the composites structure contains fastener holes in many applications, open-hole tension 
(OHT) problem is solved in the macromechanical analysis. FE model for the 3D 
macroscopic composite part is created with the dimensions of 200mm × 24mm × 1.2mm 
(see Fig. 3.27).  A 4 mm diameter central open hole is made according to the suggested 
“diameter to width ratio” (which is 
1
6
 ) in ASTM standard D3039 [156]. 2
nd
-order 
tetrahedral element (C3D10) is used here with minimum element size 0.2mm. The 
material properties of the macro model are acquired from the elastic constants of overall 
mesoscopic model (as shown in Table 3.5). 
 





Figure 3.27 Macroscale FE model for OHT problem 
 
To generate progressive damage patterns, quasi-static tension is applied upon the model 
along the longitudinal direction (x-axis). The damage modeling techniques developed in 
section 2.3 is applied here for stiffness reduction of failed element. Blackketter’s stiffness 
degradation model [127] is used here which classified the degradation factor d according 
to different failure modes. Those degradation factors values have been suggested in [111] 
for progressive failure analysis of graphite/epoxy plain woven composite laminates (as 
listed in Table 3.8). The continuum damage mechanics (CDM) is modeled with the 













Matrix Failure within 
Yarn 
Matrix Failure within 
Resin pocket 
d11 0.0001 1 1 
d22 0.0001 0.125 0.125 
d33 0.0001 0.125 0.125 
d12 0.0001 0.375 0.375 
d13 0.0001 0.375 0.375 
d23  0.0001 0.125 0.125 
 
 
3.4.2 Simulation Result 
 
Fig. 3.28 presents the progressive damages predicted by FE simulation. These results 
exhibit the evolution of the accumulated damage when the macroscopic model is under 
uniaxial tension: 
 
1. The matrix failure in fiber yarn initiates from the edge of open hole at the strain 
level around 0.08%.  
 
2. Then, the matrix failure starts to propagate along the width direction until the 
onset of fiber damage is observed at the strain level of 0.5%.  
 
3. Matrix damages become extensive as the strain level approaches 0.73%.  
 
4. The maximum tensile stress occurs at the strain level of 1.49% with a narrower 
band of fiber failure, and a wider band of matrix failure.  
 




5. The final failure (residual stiffness reduces to zero) of the macro model is 
predicted when it is loaded under the strain of 2.75%.  
 
The stress-strain relation is presented in Fig 3.29 with the progressive damage patterns 
labeled accordingly. The distribution of longitudinal elastic stress s11 is also presented in 




Figure 3.28 Progressive damage patterns predicted from macro failure analysis 





Figure 3.29 Longitudinal stress-strain relation from Macro FE analysis with CDM modeling 
 
 
3.4.3 Validation by Experiment 
 
In this section, a group of plain woven composite samples with a central-open hole are 
tested to verify the macroscopic analysis result. The composite laminates are made with 
the same material as used in the FE simulation. Here, five specimens are cut from the 
composite panel by water jet cutting machine. Same as macroscopic model, the 
dimensions of the samples are 200mm × 24mm × 1.2mm.  A 4mm diameter open hole is 
made in the center of each specimen (see Fig. 3.30). The experiment procedure is the 
same as the tensile test conducted for unnotched specimens. Extensometer is used as well 
to measure the strain of the samples with the initial distance of 25mm. Longitudinal strain 




is measured from the displacement over the gauge length divided by the original gauge 
distance (also see Fig. 3.30).  
 
 
Figure 3.30 Untested plain woven OHT specimen 
 
The stress-strain curves from the tensile test are presented in Fig. 3.31, which exhibits 
nonlinear responses for all tested OHT specimens. Ultimate tensile stress is extracted 
from the maximum stress level of each sample. The experimental results are outlined in 
Table 3.9. Results from numerical analysis are compared here with the experimental data. 
To demonstrate the effect of CDM modeling on the tensile strength prediction, another 
FE analysis is performed with instantaneous stiffness reduction method where the soft 
factor ns is not used (as shown in Eq. 2.28 and Eq. 2.29). It is illustrated that the 
developed model can predict consistent ultimate tensile stress with the experimental 
result (279.8MPa) if the gradual stiffness reduction method is applied (301.2 MPa) whilst 
the macro failure analysis with instantaneous stiffness reduction scheme only can predict 




about 80% (223.5MPa) of the experimental tensile stress. In other words, the soften 
factor ns has strong influence on the tensile behavior prediction of plain woven 
composites, which provides 34% increase of predicted ultimate tensile stress in the 
current material system.  
 
 
Figure 3.31 Comparison of results between FE simulation and Experiment 
 
Table 3.9 Tensile test results for plain woven composites 
 
Sample No. 







Experimental Mean Data 279.20 8.78 




Simulation with Instantaneous 
Stiffness Reduction 
223.5 




In addition, the predicted damages mechanisms are validated against the tested OHT 
specimens. The captured micrographs presented in Fig. 3.32 exhibit a non-uniform 
damage patterns along the fracture surface where some fiber pull-outs are observed in the 
vicinity of the central hole whereas the fracture far away from the central hole remains 
brittle and neat (see Fig. 3.32b). This phenomenon proves the occurrence of the fiber-
matrix debonding. The fiber-matrix debonding cannot be captured in current failure 
analysis because this damage mode is not established in the developed multiscale 
modeling. It is noted that accurate prediction of fiber-matrix debondings highly depends 
on the fiber-matrix interface parameters. Unfortunately, those parameters cannot be 
precisely determined in our current experimental setup. In addition, it is seen that the 
predicted stiffness only agrees well with the test result at the small strain level (< 0.15%). 
To have a better understanding for the present modeling approach, a comprehensive 
sensitivity study is performed and outlined in Table 3.10. It presents that the fiber elastic 
properties have dominant influence on the tensile behavior of plain woven composites. 
Then, the damage behavior is highly affected by the textile geometries. It is also noted 
that, with deploying the continuum damage mechanism, the ultimate tensile stress is 
significantly dependent on the Mode I Fiber fracture toughness.  At last, various selection 
range of reference points for macro/meso stress amplification are studied. It shows that the 
mechanical performance doesn’t rely on the selection ranges (0.1% to 1%). Therefore, for the 
inconsistent response of the experimental specimen appears and the predicted one, the 
possible reason could be: Firstly, insufficient prediction of failure modes (e.g. fiber pull-
outs). One of the possible reasons for the difference between prediction and experiment 
is, in this thesis, three essential failure modes are well defined and can be determined in 
the failure analysis – fiber fracture, epoxy damage within yarn, epoxy damage in the 




resin-rich zones. However, it is not necessary to limit the failure analysis within those 
three failure modes. More failure modes can be defined in this multiscale framework and 
provide more accurate results such as fiber kinking, fiber pulling, etc. But it is noted the 
precise prediction highly relies on the characterization of micro-material properties 
related to the damage modes.” Secondly, nominal value of Mode I Fiber fracture toughness 
rather than the measured value is used which may be different with the actual specimen’s 
property.  
Table 3.10 Sensitivity study for plain woven composites analysis 
Category Item Influenced object Sensitivity 
Geometric 
Modeling 
Crimp region in woven 
composites 
• Stress distribution 
• Strain localization 




Elastic Stiffness of fiber Longitudinal tensile behavior Dominantly 
Mode I Fiber fracture 
toughness 
Ultimate tensile strength for 
longitudinal tension 
High 
Selection range of 
reference points 















In this chapter, the hierarchical multiscale modeling approach is applied in the study of 
plain woven composite material. Progressive failure analysis based on this multiscale 
modeling provides accurate predictions of mechanical performance laminated 
composites. The presented approach includes hierarchical numerical simulations on 
repeated RVEs at micro and meso length scales, and macroscopic OHT laminates. The 
analysis starts from the micromechanics, where the effects of reinforcement volume 
fraction, spatial distribution, and the properties of constituents (fiber and matrix) are 
taken into account. Six periodic boundary problems are solved to obtain the effective 
yarn stiffness and the stress amplification factors. The stress amplification factors are 
calculated based on the prescribed reference points. Mesomechanical analysis accounting 
for plain woven architecture is conducted to provide effective material properties and 
macro-to-meso stress amplification factors. The mesoscopic failure analysis is also 




performed to investigate the progressive damage response of unnotched plain woven 
laminated composites under uniaxial tension. Finally, the macroscopic OHT problem is 
solved based on developed multiscale modeling approach to predict the progressive 
failure behavior. Here, the multiscale damage modes are determined by applying Tsai-Ha 
theory where Maximum Stress criterion is used for fiber failure and a modified von Mises 
criterion is used for matrix damage. Damage evolutions are modeled with a continuum 
stiffness reduction scheme for all damage mechanisms.  
 
Simulation results obtained from the failure analysis are also verified by the tensile test. 
Consequently, the simulations can predict accurate tensile behaviors of plain woven 
composites regardless of unnotched or OHT laminates. The experimental validation 
exhibits that the effective material properties can be determined based on the constituent 
material properties (fiber and matrix) through the stiffness homogenization method. It is 
also proven that the soften factor ns applied in CDM significantly affects the predicted 
tensile behavior of plain woven composites. It shows that CDM can provide more 
accurate prediction on ultimate tensile stress than the instantaneous stiffness reduction 
model. Furthermore, both numerical and experimental studies reveal that final fracture of 
the plain woven composite is dominantly attributed to the fiber failure in longitudinal 
yarn and matrix damage in transverse yarn. Finally, the present multiscale modeling 
approach predicts a lagging occurrence of nonlinear response comparing to the 
experimental result. The possible reasons of this difference have been discussed as well. 




Chapter 4  
Progressive Failure Analysis of NCF Composites 
 
4.1    Introduction to NCF Composites 
 
Textile fabric based composites have been developed to improve the out-of-plane 
properties and reduce manufacturing cost. However, the crimp of the fiber yarns in the 
textile composites leads to deterioration of the in-plane performance especially in 
compression. To overcome that problem, NCF composites have been proposed. They 
consist of UD plies arranged in different directions while the fibers are consolidated by 
the stitches within each ply. The advantages of NCF composite laminates over the 
conventional UD laminates are outlined as follows: 
 
1. NCF composites provide superior out-of-plane properties owing to the through-
thickness reinforcement of stitches. For example, it has been proven that stitching 
enhances both mode I and II energy release rate [41, 42]. 
 
2. NCF composites have higher impact resistance. The compression after impact 
(CAI) strength increases through stitching in NCF composites [37]. 
 
3. The lay-up time of the stitching fabrics is dramatically reduced because they are 
produced in one step only [4]. 
 




4. The NCFs can be handled easily in composite production and thus are capable of 
making complex shapes. 
 
In addition NCF composites offer superior in-plane mechanical performance to other 
textile composites (e.g. woven and braided composites) because no-crimp fiber yarn can 
contributes more reinforcement along the longitudinal direction. On the other hand, the 
needle insertion during the stitching process causes fiber displacement. It may result in 
misalignment, discontinuity, breakage and crimp of fibers [4, 40, 49, 50]. Those 
disturbances induce the formation of resin pocket in the stitch vicinity which affects the 
stress distribution and damage behavior of NCF composite structure [36, 50-53].  
 
In this chapter, the progressive failure analysis of NCF composites is implemented. The 
multiscale modeling approach applied for plain woven composite (in Chapter 3) is further 
developed here. This modified method can accomplish following new tasks:  Firstly, a 
nonlinear multiscale modeling approach is developed where the material nonlinearity of 
epoxy resin is taken into account. The nonlinear modeling is the new research interest to 
study the non-fiber-dominated mechanical behavior of textile composites. Choosing NCF 
for the nonlinearity study is because: 
 
1. There is proven Meso-FE modeling method developed for the mechanical 
analysis of multiaxial NCF composite [50, 51]. 
 




2. Basically, there are two nonlinearities involved in the mechanical nonlinearity 
study of composites, geometry and material nonlinearity. In this thesis, the study 
of interest is to explore the influence of matrix material nonlinearity on the 
mechanical behavior of textile composites. The effect of the geometry 
nonlinearity should be minimized here so that the predicted nonlinear stress-strain 
curve will highly depends on the nonlinear material properties. Therefore, NCF is 
selected here because the fiber yarns in NCF present less crimp and lead to less 
geometric behavior than the other textiles. 
 
In addition, to consider the effect of the stitching, the resin-rich voids created by needle 
insertion are included in the mesomechanical modeling of NCF laminated composites. 
The stitches are also represented by adding nonlinear spring elements to the FE models 
with prescribed stitching parameters. Besides, interlayer delamination is taken into 
account in this chapter. The traction-separation constitutive law is used for the cohesive 
interactions between the layers. Based on the considerations above, progressive failure 
analysis is individually conducted for 0 degree, biaxial, and quasi-isotropic NCF 
laminates.  
 
4.2    Nonlinear Mechanical Modeling of NCF composites 
 
In this section, a modified version of multiscale modeling approach is presented, which 
involves two nonlinear modeling techniques: 
 




1. The pre-failure nonlinear behavior of epoxy resin is modeled into the material 
system. A simple elastic-plastic constitutive model is developed in section 4.2.1. 
 
2. The Tsai-Ha theory is modified here to perform nonlinear stress amplification 
across different length scales that can capture the variation of stress distribution 
during the plastic yielding (see section 4.2.2). 
 
4.2.1    Modeling of Elastoplasticity for Epoxy Resin 
 
Accurate stress analysis relies on the correct constitutive modeling of the materials. For 
composite materials, different components can exhibit different material characteristics. 
Usually, carbon fiber is treated as a linear elastic material whilst the epoxy resin could 
contribute certain nonlinearity to the overall composites performance. Generally 
speaking, linear elastic modeling is adequate to predict the fiber-dominated mechanical 
behaviors of composite laminates (e.g. the longitudinal tensile modulus and longitudinal 
tensile strength). On the other hand, a number of researches revealed that the material 
nonlinearity of the resin epoxy influences the stress distributions and damages in the 
composite laminates [27, 107]. As early as in 1987, Chang and Chang [107] reported that 
the material nonlinearity was important to predict the damage in composite laminates 
under shear deformation. This statement was verified by Vogler’s experimental study 
[27]. Vogler and his colleagues developed a 3D micro RVE model to precisely predict 
the nonlinear shear response of carbon/epoxy composite laminates. In their study, the 
isotropic-hardening plasticity of epoxy matrix was extracted from a torsion test on a 
filament wound thin-walled epoxy tube. In addition, Truong et al. [89] conducted a series 




of uniaxial tensile tests for biaxial carbon/epoxy NCF composites: [0/90]ns and [ 45]ns 
layouts. The experimental results presented a linear stress-strain curve for [0/90]ns 
laminates and nonlinear response for [  45]ns laminates (as shown in Fig.4.1). It was 
reported that the nonlinearity was attributed to the material plasticity of epoxy matrix 
when the in-plane shear load was applied (in the case of [ 45]ns laminates). Likewise, 
Pinho et al. [137] implemented an explicit FE analysis to underline the importance of 
modeling the nonlinear matrix shear behavior for accurate failure prediction in the biaxial 
laminated composites [  45]s under a uniaxial tension.  
 
 
Figure 4.1 Uniaxial tensile test results for (a) [0/90]ns  NCF laminates; (b) and (c)  [ 45]ns NCF 
laminates [89] 
 
In this section, a simple incremental constitutive model is derived to describe the pre-
failure nonlinear behavior of epoxy matrix. The developed elastoplasticity model can be 




easily defined into the FE analysis by writing the incremental nonlinear constitutive 
relations into ABAQUS - UMAT subroutine as FORTRAN language.  
 
4.2.1.1 Elastoplastic Constitutive Model 
 
For the proposed elastoplastic material, the elastic and plastic behavior can be depicted 
separately. When the effective stress σeff is lower than initial yield stress σ
0
y, the linear 
elastic stress-strain relation is written as,  
 
eσ Cε                           (σeff < σy)                                                                                   (4.1) 
 
Where σ denotes the stress tensor, which is determined by the stiffness matrix C and the 
elastic strain tensor εe. The symmetric stiffness matrix C for isotropic material can be 
written as, 
 
1 0 0 0
1 1
1 0 0 0
1 1
1 0 0 0
1 1(1 )
1 2(1 )(1 2 ) 0 0 0 0 0
2(1 )
1 2
0 0 0 0 0
2(1 )
1 2































C                      (4.2) 





Where E is the Young’s modulus and  denotes the Poisson’s ratio. When the effective 
stress σeff  exceeds the initial yield stress σ
0
y,  assuming the epoxy resin as isotropic 
hardening material, the plastic stress-strain is given as,  
 
0( )np ym  σ ε         (σeff ≥ σ
0
y)                                                                                   (4.3) 
 
The constants m and n are used to describe the plasticity of the isotropic hardening 
material. 
 
The tensor of plastic strain increments can be presented as, 
 
e pd d d ε ε ε                                                         
(4.4) 
 
Based on that, the tensor of elastic stress increments can be written as, 
 




By applying the isotropic hardening rule, the general form of the yield function presents, 
 
( , ) ( ) ( ) 0p eff y pf    σ ε σ ε                                                                  (4.6) 





Where the effective stress is represented by the von Mises stress 
 




Here, the associated flow rule is applied that assumes the plastic potential function g(σ) 
has the same shape as the current yield surface f(σ, εp). Thus, the gradient of plastic 
potential function is equal to the direction normal to the yield surface, 
 





                                                                 (4.8) 
 
Where the gradient of the plastic potential function is controlled by the effective plastic 







n                                                                                                       (4.9) 
 
The tangent modulus H
’
 is presented as the gradient of the effective stress-strain curve 
and can be calculated based on Eq.4.3, 
 
'
e ff e ffH                                                                                               (4.10) 



















                                                     (4.11) 
 
The elastoplastic constitutive relation is then written to ABAQUS subroutine – UMAT. 
This user-defined material system is verified in section 4.2.1.3. 
 
4.2.1.2 Parameter Identification 
 
The parameters used in the elastoplastic constitutive model are determined from tensile 
test for the pure epoxy resin. Four specimens are tested under a uniaxial tension (see Fig 
4.2) on an INSTRON 8501 machine at a constant displacement rate of 2mm/min. As 
described in section 3.5, the experimental procedure follows the ASTM standard D3039. 
Strain gauges are mounted on the sample surfaces to measure the strain values. By fitting 
the experimental stress-strain curves with an exponential function (see Fig. 4.3), the 
parameters are determined as listed in Table 4.1. 
 





Figure 4.2 Tensile test samples for pure epoxy resin 
 






Properties  Values  
m (MPa) 785.5 43.1 
n 0.85  0.14 
σ0y  (MPa) 10.68  1.73 
Ultimate tensile stress t
mS (MPa) 33.46 7.78 





Figure 4.3 Tensile Test results for pure epoxy resin samples 
 
4.2.2    Nonlinear Stress Amplification Method 
 
In the stress transfer method developed by Ha et al. [97], the constant stress amplification 
factors are calculated based on the prescribed fixed locations of reference point. 
However, using constant stress amplification factors is reasonable only when the stress 
distributions within the RVE model are invariable. In this study, an elastoplastic material 
system is developed. The stress distributions don’t remain constant due to the pre-failure 
plastic yield of epoxy matrix. The “pre-failure” here refers to the status of the material 
before the crack occurs. Thus, “pre-failure plastic yield” means the plasticity onset prior 
to the material fracture. A new stress amplification method is proposed in this section 
which can capture the variation of stress concentrations and the nonlinear global-local 
stress relations due to plastic yield and fracture.  




The local and global stresses can be written as two 6   1 stress vectors, 
 
Local stress vector: 
T
1 2 3 4 5 6





1 2 3 4 5 6
G G G G G G G        σ                              (4.13) 
 
 
Where 1-6 denote six loading conditions. In nonlinear stress transfer case, each of the 
components in the nonlinear stress amplification matrix is no more a constant but a 




1 2 3 4 5 6( ) ( ) ( ) ( ) ( ) ( ) ( )G j G j G j G j G j G j GM M M M M M

   M σ σ σ σ σ σ σ                          (4.14) 
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
   M
     (4.16) 
 




Equations (4.15) and (4.16) indicate that any one column in the amplification matrix M  
only varies with one corresponding global loading case. Therefore, the amplification 
matrix M  can be rewritten with the nonlinear amplification vector G( )
j
jM σ  as, 
 
1 2 3 4 5 6
1 2 3 4 5 6 (6 6)
( ) ( ) ( ) ( ) ( ) ( ) ( )G G G G G G G      
   M σ M M M M M M                       (4.17)
 
 
Furthermore, the value of components in the amplification matrix can be controlled by 
using the nonlinear coefficient D. Based on all the equations above, the nonlinear stress 
amplification matrix can be expressed as, 
 




jM  are the constant amplification factors determined in the initial status. Then 
Equation (4.18) can be further rewritten as: 
 
1 0 2 0 3 0 4 0 5 0 6 0
1 1 2 2 3 3 4 4 5 5 6 6( ) ( ) ( ) ( ) ( ) ( ) ( )G G G G G G G        M σ D M D M D M D M D M D M      (4.19)
                                                                                                                                        
 
Reforming the amplification factor matrix M as a vector, ( )j GD σ  is the nonlinear 
coefficient, which is a function of global stress. Then Equation (4.19) can be 
reformulated as: 
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4.2.2.1 Method to Determine Nonlinear Coefficient  
 
The method to determine the nonlinear coefficient ( )
j
j GD is discussed here.  
Consider 
six loading cases: three normal loadings and three shear loadings, respectively. In each 
case, only the jth component in the global stress vector is non-zero, and all other 
components are zero, then Equation (4.15) can be simplified as: 
 
0( )j jj G j G σ D M  (4.22) 
 




In each loading case, sufficient number of global applied loads j
G  are implemented to 
obtain the relationships between the applied loads j
G  and each component of the local 
stress
Lσ . These relationships are just corresponding to the nonlinear 
coefficients ( )
j
j GD . The local stresses are first extracted based on the selected 
reference point with the highest local stress level. ( )
j
j GD  
are calculated thereafter 
based on the relationships between the global and local stresses recorded from the first 
step until the final fracture of the RVE model. 
 
4.2.3    Implementation of Nonlinear Multiscale Modeling 
 
It should be noted that within the nonlinear multiscale modeling framework, the local-
global property homogenization and global-local stress amplification method described in 
chapter 2 becomes difficult to implement. The conventional homogenization method is 
based on the linear stress-strain relations while the stress amplification method developed 
in Ha-Tsai theory relies on the linear correlation between global and local stress states. 
Those assumptions cannot hold in the advanced nonlinear model. Therefore, the 
multiscale modeling is performed in this chapter through the data fitting techniques. Two 
types of table are generated to govern the information transfer between different length 
scales: One is overall stress-strain table obtained from stress analysis at smaller length 
scale, which is used to assign the nonlinear material properties into the elements in the 
larger scale FE model. Another tabular form, whereby the nonlinear stress amplification 
factors are calculated, is created to correlate the nonlinear coefficients ( )
j
j GD and the 




global average stress j
G . The tables are first prepared from the micro and meso FE 
simulations. Subsequently, they are deployed in the macro analysis to predict the progress 
failure behaviors. The details of the nonlinear multiscale modeling is elaborated in 
following sections. 
 
4.3 Micromechanical Model 
 
The objectives of NCF micro analysis include predicting the effective material properties 
of fiber yarn and calculating the nonlinear stress amplification factors. The material 
system defined in the micromechanics of NCF composites includes the mechanical 
properties of fiber and epoxy resin. Note that same material system is used for studies of 
plain woven and NCF composites (T300/ EPICOTE 1004). Thus, the properties of carbon 
fibers (T300) in Table 3.1 are also used here. For resin rich zone, the experiment-fitted 
nonlinear stress-strain relations (see section 4.2.1) are deployed here to model the 
elastoplastic material behavior of matrix. The other material properties of epoxy resin 
which cannot be determined from the tensile test (eg. matrix compressive strength, matrix 
shear strength, etc.) are taken from Table 3.2. 
 
The 3D micro FE model is presented in Fig.4.4. The hexagonal geometry is meshed with 
3D 1
nd
-order brick element (C3D8) with a minimum element size 100nm. Six periodic-
displacement loading conditions in three cases of normal loads and three cases of shear 
loads are applied. For each loading condition, the occurrence of pre-failure plastic 
yielding of epoxy matrix is predicted within the micro RVE model. Based on that, the 




nonlinear mechanical responses can be obtained. Figs 4.5 to 4.9 exhibit the stress-strain 
relations from micro FE analysis under different loading conditions. It is seen that the 
longitudinal tensile behavior is not influenced by the plasticity of matrix (see Fig. 4.5) 
because it is dominantly determined by fiber properties. In addition, pre-failure 
nonlinearity responses are illustrated in Figs 4.6 to 4.8 when the RVE model is under 
transverse and shear deformations. The simulations are terminated when the damage 
onset of matrix is identified by the modified von Mises criterion (see Eq. 2.25). The 
failure patterns of matrix at the end of simulation are also illustrated in Fig. 4.5 through 
Fig. 4.8.  
 
 
Figure 4.4 Three-dimensional hexagonal microscale RVE model 
 









Figure 4.6 Stress-strain curve of micromechanical analysis under transverse tension 
 





Figure 4.7 Stress-strain curve of micromechanical analysis under longitudinal shear 
 
 
Figure 4.8 Stress-strain curve of micromechanical analysis under transverse shear 
 
One of the tasks of the microscopic analysis is to predict the effective material properties 




of fiber yarn. The stiffness matrix calculation demonstrated in section 2.12 is still 
applicable here to predict the effective elastic material properties. The results are outlined 
in Table 4.2. However, they are not adequate to describe complete pre-failure mechanical 
behaviors if the material nonlinearity of epoxy resin is not incorporated. Thus, the local-
to-global characterization method of nonlinear material property proposed by Tserpes and 
Labeas [36] is deployed here. The effective nonlinear behaviors of NCF composites are 
determined by assigning the fitted stress-strain relations (Figs 4.6 to 4.8) from FE 
analysis of local RVE model into the global material points of the macroscopic structure.  
This semi-empirical method treats the FEA as virtual experiments and uses the simulation 
results to govern the local mechanical behaviors. To achieve that, several lookup tables 
are generated to define the local modulus H for different load cases. For instance, a table 
(see Table 4.2) for local tangent modulus Hxy under longitudinal shear is generated by 
extracting data from the stress-strain curve in Fig.4.7. The instantaneous local modulus 
Hxy will be used to replace the constant elastic shear modulus Gxy in the subsequent 
mesoscale analysis. This table also points out that the plasticity of matrix occurs at a 
longitudinal shear strain of 0.1625%. The table ends up at the strain level of matrix 
damage onset (0.8991%). Local modulus for other stress-strain behaviors such as 















Table 4.2 Table for local longitudinal shear modulus Hxy fitting to simulation result 
γxy(%) Hxy(MPa) γxy(%) Hxy(MPa) γxy(%) Hxy(MPa) γxy(%) Hxy(MPa) 
0.0000 2958.5 0.3466 1536.6 0.5362 1264.7 0.7258 1194.5 
0.1625 2893.1 0.3521 1523.7 0.5416 1261.0 0.7312 1192.7 
0.1679 2811.5 0.3575 1517.4 0.5471 1255.4 0.7366 1190.8 
0.1733 2796.1 0.3629 1510.6 0.5525 1253.6 0.7420 1190.8 
0.1787 2716.2 0.3683 1487.0 0.5579 1249.9 0.7475 1189.0 
0.1842 2700.3 0.3737 1478.3 0.5633 1248.1 0.7529 1187.1 
0.1896 2630.9 0.3791 1472.9 0.5687 1244.4 0.7583 1185.3 
0.1950 2615.2 0.3846 1453.5 0.5741 1242.5 0.7637 1183.4 
0.2004 2604.1 0.3900 1440.1 0.5796 1238.8 0.7691 1183.4 
0.2058 2595.8 0.3954 1434.5 0.5850 1238.8 0.7745 1183.4 
0.2112 2510.0 0.4008 1429.2 0.5904 1235.1 0.7800 1179.8 
0.2167 2293.2 0.4062 1411.1 0.5958 1233.3 0.7854 1179.8 
0.2221 2147.0 0.4116 1403.0 0.6012 1231.4 0.7908 1177.9 
0.2275 2070.7 0.4171 1397.8 0.6066 1229.6 0.7962 1177.9 
0.2329 2012.4 0.4225 1391.5 0.6121 1227.8 0.8016 1176.1 
0.2383 1986.6 0.4279 1386.9 0.6175 1225.9 0.8070 1174.2 
0.2437 1916.2 0.4333 1365.5 0.6229 1224.1 0.8125 1174.2 
0.2492 1895.4 0.4387 1356.3 0.6283 1222.2 0.8179 1172.4 
0.2546 1858.8 0.4441 1351.3 0.6337 1222.2 0.8233 1172.4 
0.2600 1827.8 0.4496 1342.4 0.6391 1218.5 0.8287 1170.5 
0.2654 1797.7 0.4550 1334.8 0.6446 1218.5 0.8341 1170.5 
0.2708 1777.6 0.4604 1325.6 0.6500 1216.7 0.8395 1168.7 
0.2762 1765.0 0.4658 1321.9 0.6554 1214.8 0.8450 1168.7 
0.2817 1740.3 0.4712 1318.2 0.6608 1211.1 0.8504 1166.8 
0.2871 1710.4 0.4766 1314.5 0.6662 1211.1 0.8558 1165.0 
0.2925 1683.2 0.4821 1310.8 0.6716 1209.3 0.8612 1166.8 
0.2979 1664.9 0.4875 1309.0 0.6771 1207.4 0.8666 1163.1 
0.3033 1646.9 0.4929 1301.6 0.6825 1205.6 0.8720 1163.1 
0.3087 1637.6 0.4983 1296.1 0.6879 1203.8 0.8775 1163.1 
0.3142 1625.1 0.5037 1294.2 0.6933 1203.8 0.8829 1161.3 
0.3196 1602.5 0.5091 1290.5 0.6987 1201.9 0.8883 1161.3 
0.3250 1595.0 0.5146 1288.7 0.7041 1200.1 0.8937 1161.3 
0.3304 1583.7 0.5200 1285.0 0.7095 1198.2 0.8991 1157.6 
0.3358 1571.9 0.5254 1277.6 0.7150 1196.4 
  
0.3412 1546.0 0.5308 1270.2 0.7204 1194.5 
  
 
The meso/micro nonlinear stress amplification factors are also calculated based on the 
micro analysis. For epoxy matrix phase, amplification factors are determined based on 




the identification of “floating reference points”. Here, the reference point is chosen at the 
node of maximum stress states within the matrix phase, which can be easily obtained 
from the simulation result data. “Floating” means the locations of the reference point vary 
with the stress re-distributions.  Fig.4.9 illustrates the “floating reference point” in the 
case of transverse tension. It shows that the node of maximum local stress states varies 
with the increase loading. It is also revealed that it is the plastic yielding of epoxy matrix 
which causes such stress-redistributions.  
 
 
Figure 4.9 Floating reference point positions under transverse tension  
 
Based on the stress states of the “floating reference points”, the nonlinear stress 
amplification factors can be calculated following these steps: 
 




1. Calculate the initial linear stress amplification matrix M0, which are obtained at 
matrix phase referring to the maximum local stress states (at first load increment). 
 
2. The relationships between the global and local stresses (on the floating reference 
points) are tracked and recorded from the first step until the matrix failure onset. 
Thus the nonlinear coefficient ( )
j
j GD  (j=1-6, denoting six loading cases) can 
be determined. 
 
3. Applying Eq. 4.22, the nonlinear stress amplification matrix is obtained. 
 
For example, the initial stress amplification matrix 0
mM in epoxy matrix region is 




0.046 0.006 0.009 0.000 0.000 0.000
0.024 0.741 0.048 0.002 0.002 0.001
0.061 0.037 0.756 0.002 0.001 0.001
0.000 0.000 0.000 0.139 0.000 0.000
0.000 0.000 0.000 0.000 0.465 0.000


















From the FE analysis results for transverse tension problem (along z-direction), nonlinear 
coefficient 3( )zzD  is computed based on the global-local stress relations. The global 
stress in this case is the average stress along the transverse direction zz . The maximum 
local stress state is represented here by the damage index DMFF (see E.q. 2.25). The 




variable maximum value of DMFF is tracked and recorded by the ABAQUS post-
processing tool with the plastic yielding of epoxy matrix. The relations between DMFF  
and 
zz are presented in Fig. 4.10. It is noted that the curve ends when the DMFF equals to 
1 which identifies matrix damage initiation. Then, the table (see Table 4.3) for nonlinear 
coefficient 3( )zzD   
can be generated to guide the calculation of nonlinear stress 
amplification factor (where the initial nonlinear coefficient defined as 1). It is found the 
nonlinear coefficients increase with the load increment which means the plastic yielding 
of epoxy resin results in the greater stress localizations within the micro model. In other 
word, the analysis including material plasticity of matrix predicts earlier damage onset 
than the linear elastic model. The other components in ( )
j
j GD are determined by 
solving other loading problems. The complete nonlinear stress amplification factors are 
thus calculated according to Eq. 4.22. In addition, the stress amplification factor for fiber 
phase is the same as the calculation presented in Chapter 3 since it remains linear elastic. 
 
 
Figure 4.10 Predicted global-local stress relations from micro analysis under transverse tension  




Table 4.3 Table of nonlinear coefficient 3( )zzD   for meso/micro stress amplification 
(MPa)zz  D3  (MPa)zz  D3  
0.000  1.000  40.854  1.300  
2.554  1.000  43.407  1.320  
5.107  1.020  45.961  1.340  
7.660  1.040  48.514  1.360  
10.214  1.060  51.067  1.380  
12.767  1.080  53.621  1.400  
15.320  1.100  56.174  1.420  
17.874  1.120  58.727  1.440  
20.427  1.140  61.281  1.460  
22.980  1.160  63.834  1.480  
25.534  1.180  66.387  1.500  
28.087  1.200  68.940  1.520  
30.641  1.220  71.494  1.540  
33.194  1.240  73.982  1.515  
35.747  1.260  
  38.301  1.280  
  
 
4.4 Mesomechanical Model 
 
The mesomechanical analysis of NCF composites is discussed in this section, which 
consists of two parts: Firstly, the failure analysis for the 0 degree NCF laminate is 
performed. The 3D RVE model of 0-ply includes the non-crimp fiber yarns and resin rich 
“voids”. The geometry of mesoscale model is characterized from the specimen 
measurement. This simulation needs to provide the effective material properties of NCF 
mesoscale model which can be used as input data for macroscopic analysis.  The macro-
to-meso nonlinear stress amplification matrices are also calculated from this analysis. 
 




In addition, mechanical performance of two biaxial NCF laminates (layout [0/90]2s and 
[  45]2s) are also studied. Here, through-thickness stitching is represented by the 
nonlinear spring elements. The bi-linear constitutive model of the spring element is 
defined based on the pull-out model proposed by Zhang et al. [47] and Liu et al. [48]. 
Delamination is also involved in the present failure analysis by deploying the traction-
separation constitutive law in the inter-layer cohesive interactions. In addition, the 
influence of nonlinear modeling is evaluated here through the FE analysis based on both 
linear and nonlinear modeling methods. Finally, the results of the performed failure 
analysis are validated by the experimental data.  
 
4.4.1    Case 0 degree Laminate 
 
The mesoscale RVE model of NCF in the present study is treated as stitched 
unidirectional laminate with the “eyes” (resin-rich zone due to stitching). The openings 
are caused by the through-thickness stitching and formed as resin-rich zones in the 
vicinity of stitches. As presented in Fig. 4.11, the dimensions of the diamond shaped eyes 
are determined based on the measurement of actual specimens. The biaxial composite 
specimens are made of carbon NCF fabrics. The biaxial fabric consists of two plies 
orientated at a right angle to each other, which are integrated by the stitches. The angle 
between the machining direction of the stitching and the fiber yarn is 45 degree (see Fig. 
4.12). The biaxial NCF composite laminates are made using vacuum assisted resin 
transfer molding (VARTM).  The epoxy resin (EPICOTE 1004) infused into the fabric is 
the same as the material used in previous studies. Here, four specimens are cut and 




observed under the microscope. For each specimen, six cross section images are captured 
under a microscope. Then, the MATLAB code is used to process all 24 micrographs and 
calculate the dimensions statistically. To describe the geometry of NCF model, five 
geometrical parameters are defined and illustrated in Fig. 4.11. The measured results are 




Figure 4.11 Parameter identification for NCF mesoscale RVE model 






Figure 4.12 Top view of biaxial NCF fabric 
 
Table 4.4 Measured dimensions of NCF mesoscale RVE model 
Dimensions measurement (mm)  
Machine Distance m  1.40 0.11  
Cross Distance c  5.60  0.35 
Half Eye Length l  3.20  0.29 
Half Eye width d  0.46  0.09 
Deviation Distance n  0.53  0.12 
 
 
After geometrical modeling, a 3D solid model consisting of fiber yarns and resin-rich 
zones is converted into FE mesh (see Fig. 4.13). 2
nd
-order tetrahedral element (C3D10) is 
used in this model. The material properties of fiber yarn are acquired from the nonlinear 




micromechanical analysis. The elastoplastic model developed in section 4.2 is applied 




Figure 4.13 Import 3D mesoscale RVE geometry to 3D FE mesh 
 
Mesoscopic stress analysis is performed with six periodic loading cases. Fig. 4.14 
presents the distributions of elastic stresses when the mesoscale RVE is under different 
loading conditions. It is observed that local stresses concentrate in the vicinity of the 
stitching locations. Here, higher local stresses 11 and 13  are induced in the opening of 
the resin-rich zones whereas 22 , 12  and 23  concentrate at the tips of the diamond-like 
voids.  
 






Figure 4.14 Local stress distribution in the mesoscale RVE under six periodic loading conditions 




Here, the elastic stresses are used to calculate the effective elastic stiffness of meso RVE.  
Nine equations presented in Eq. 3.4 are used to calculate nine independent material 
constants. The results are listed in Table 4.5. Note that the NCF RVE model is assumed 
as general orthotropic material. Therefore, the material properties are not identical along 
the transverse (y) and thickness (z) direction. It is also seen that, using the same material 
system, the predicted elastic longitudinal Young’s modulus of NCF composite laminate 
(96.74 GPa) is much higher than in the plain woven composite laminate (37.38 GPa). 
That is because the non-crimped yarns in the NCF composites which can have better 
reinforcement along the fiber direction. The predicted effective material properties are 
used to describe the constitutive relations of elements in the macroscopic analysis. 
 
Table 4.5 Predicted effective elastic stiffness of mesoscale RVE model 
 
Properties Values 
Exx (GPa) 96.74 
Eyy (GPa) 6.81 
Ezz(GPa) 8.03 
Gxy (GPa) 5.79 
Gxz (GPa) 3.58 






Same as in micro analysis, the complete prediction of mechanical responses requires up-
to-failure nonlinear stress-strain relations under variable load conditions. Fig. 4.15 
illustrates the elastic-plastic stress-strain curves, which are used to determine the effective 




material properties of meso RVE. They will be assigned as the material properties of 
element in the following macro FE analysis.  
 
 
Figure 4.15 Stress-strain curve of meso analysis under six periodic loading conditions 
 
The meso analysis is terminated when the onsets of matrix damage are captured, which 
consists of two steps: resin rich zone damage and matrix damage within fiber yarn. As 




presented in Fig. 4.16 (a)-(f), the simulations predict that the latter always occurs earlier 
than the former damage mode.  It is also seen that the predicted damage patterns coincide 
with the predicted stress distributions (see Fig. 4.14) as the matrix damages initiates in 
the vicinity of the stitches.  In particular, when 
xx and xz are applied upon the RVE, 
onset of matrix damages occur from the opening of the resin-rich zones whereas when 
yy , xy  and yz  are applied, damage initiates from the “void” tips.  
 
The macro-to-meso stress amplification factors are calculated as well in this section: 
Firstly, the “floating reference points” are tracked and extracted within fiber yarn. The 
initial stress amplification matrix M
0
 is then calculated at the first load increment. Later, 
nonlinear coefficients ( )
j
j GD   are computed from the beginning up to the occurrence of 
matrix damage in fiber yarn. The nonlinear macro-to-meso stress amplification factors 
are thus obtained through Eq. 4.22. The procedure is repeated to determine the stress 
amplification factors for resin rich zones. The initial stress amplification matrix for fiber 
yarn, 
0
yarnΜ  and one set of nonlinear coefficients 2 ( )yyD   are enumerated in Eq. 4.27 
and Table 4.6, respectively. 
 





Figure 4.16 Predicted matrix damage onsets within fiber yarns and resin rich zones under six 
periodic loading conditions 
 
 





2.596 0.709 1.147 0.839 0.002 0.049
0.065 1.085 0.284 0.041 0.001 0.117
0.097 0.246 1.108 0.030 0.002 0.012
0.026 0.011 0.008 0.884 0.000 0.013
0.002 0.000 0.001 0.000 1.336 0.021





















Table 4.6 Table of nonlinear coefficient 2 ( )yyD  for macro/meso stress amplification 
(MPa)yy  2D  (MPa)yy  2D  (MPa)yy  2D  
0.000 1.000 9.202 1.001 17.480 1.054 
0.400 1.000 9.602 1.001 17.798 1.057 
0.801 1.000 10.002 1.001 18.116 1.061 
1.201 1.000 10.401 1.001 18.434 1.064 
1.601 1.000 10.801 1.001 18.752 1.067 
2.001 1.000 11.197 1.001 19.069 1.071 
2.402 1.000 11.584 1.002 19.383 1.074 
2.802 1.000 11.964 1.004 19.692 1.077 
3.202 1.000 12.341 1.006 19.998 1.081 
3.602 1.000 12.711 1.008 20.299 1.085 
4.002 1.000 13.074 1.010 20.598 1.088 
4.402 1.000 13.433 1.013 20.895 1.092 
4.802 1.000 13.792 1.016 21.193 1.096 
5.202 1.000 14.145 1.019 21.491 1.099 
5.603 1.000 14.493 1.022 21.789 1.102 
6.003 1.000 14.835 1.025 22.087 1.106 
6.403 1.000 15.173 1.029 22.384 1.109 
6.803 1.000 15.512 1.032 22.682 1.112 
7.202 1.000 15.850 1.036 22.980 1.115 
7.602 1.001 16.186 1.039 23.277 1.118 
8.002 1.001 16.516 1.042 23.575 1.121 
8.402 1.001 16.841 1.046 23.873 1.124 
8.802 1.001 17.161 1.050 









4.4.2   Case Biaxial Laminates 
 
In this section, two biaxial ([0/90]2s, [ 45]2s) NCF composite laminates are studied. The 
aim of this study is to figure out the effect of the material nonlinearity of epoxy matrix on 
the mechanical performance prediction of NCF composite laminates. The progressive 
failure analysis is performed with prescribed meso-to-micro stress amplification factors. 
In addition, the inter-lay delamination and stitching are considered here to provide a 
complete failure analysis.  
 
The geometrical models are presented in Fig. 4.17 (a) and (b), which are then meshed 
with 3D 2
nd
-order tetrahedral element (C3D10) in ABAQUS software. To capture the 
delamiantions, cohesive interactions are modeled here for interlayer contacts. The 
constitutive relation for the nodes between the neighboring plies is defined through the 
traction-separation law. This traction-separation behavior was applied by Ridha et al. 
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t indicate the maximum normal and shear tractions when relative displacement 
of the coupled nodes is in the normal or shear direction; Gn, Gs, and Gt are the energy 
release rate by the normal and shear tractions, respectively; Gc presents the critical total 
energy release rate.  As presented in Eq. 4.25, the quadratic stress criterion is applied to 
predict the initial delamination. Linear softening traction-separation relation is used here 
to describe the post-failure behavior. As shown in Eq. 4.26, the evolution of the 
delamination is controlled by the energy release rates [159]. However, the parameters for 
inter-layer delamination are usually difficult to characterize unless special experiments 
are conducted such as double-cantilever-beam (DCB) test and three-point bending test. 
Here, the material properties of matrix are used to characterize the delamination 
parameters (see Table 4.7). Note that the tensile and shear strength of epoxy resin are 
used for the maximum normal t
0




t, respectively (see Table 
3.2). Likewise, the fracture properties of epoxy resin are also used here for the energy 
release rate Gn, Gs, and Gt (see Table 2.2). 
 





Figure 4.17 Layouts of biaxial NCF laminates: (a). [0/90]2s; (b). [ 45]2s 
 
Table 4.7  Parameters for inter-ply cohesive interactions 
 
 
In addition, the through-thickness reinforcement in the stitched NCF composites is 
modeled in this section. Zhang et al. [47] and Liu et al. [48] first demonstrated an 
analytical model of z-pin reinforced mode I and mode II delaminations. As shown in 
Fig.4.18 (a) and (b), DCB model was used to derive the bridging law of mode I 
delamination while three-point bending model represented the mode II delamination 
Properties  Values  
t
0
n (MPa) 25  
t
0
s (MPa) 100  
t
0
t (MPa) 100 
1
st





 mode Fracture energy Gtc (KJ/m
2
) 1  
3
rd
 mode Fracture energy Gsc (KJ/m
2
) 1  




bridging. Three typical pull-out stages were discovered from both theoretical derivation 
and experiment [160]: 
 
1. Elastic deformation with a full bonded interface. 
 
2. Elastic deformation with a partially debonded interface. 
 
3. Elastic deformation and frictional sliding with full debonded interface. 
 
 
Figure 4.18 Fiber pull out model [43]: (a) Mode I in DCB model; (b). Mode II in 3-point bending 
model  
 
With the experimental verification, a tri-linear load-displacement relationship was 
developed [160]. This method was further simplified to a bi-linear constitutive model in 
the FE analysis to determine the mode I and II delamination toughness of z-pinned 
laminates [43, 44]. Fig. 4.19 illustrates the schematic of the bi-linear relationship, which 

























a h                                                                       (4.28) 
 
The above equations reveal that the pull out model is controlled by the peak bridging 
force Pa and its corresponding displacement a . Before Pa, the linear elastic behavior is 
defined according to the elastic tensile modulus of the stitches. When the pull out force 
excesses Pa, the bridging force starts to reduce linearly until the ultimate pull out 
displacement h. In this study, the NCF plies are stitched by the polyester fibers. The 
material properties of the epoxy resin are thus used here for the polyester stitching fibers. 
The diameter of polyester fiber is 25μm with filament number 40 according to vendor’s 
specification.  
 





Figure 4.19 Schematic of the bi-linear relationship of the fiber bridging [43] 
 
The peak bridging Pa is calculated as the axial force causes the shear off between the 
matrix and the stitching fibers. The equation can be expressed as,  
 
a s u sP N S A




uS  denotes maximum shear strength and sA  is area of contact surface between the 
epoxy resin and stitches. 
sN  
is the filament number of stitches. Considering a stitching 
fiber embedding in the epoxy resin, the contact area is the laminate thickness h multiplies 
the perimeter of the stitching fiber, 
 
s stitchA h d                                                                        
(4.30) 
 













                                                                      
(4.31) 
 
Where cA  is the cross-section area of single stitching fiber. As calculated, the values of 
aP  and a are 78.52 N and 0.188 mm, respectively. Note that the stitches are not 
explicitly modeled in this FE modeling. Instead, they are represented by the springs 
modeled along the thickness of the laminates.  Similar modeling technique applied in [43] 
(also shown in Fig. 1.10) is deployed here. The interfacial nodes between adjacent layers, 
within the fiber bundle openings, are selected and paired with a spring-like constraint. 
The spring elements are applied at the stitching locations between two stitched plies. The 
bi-linear function described above is deployed here to describe the effective constitutive 
model of the nonlinear spring elements.  
 
4.4.2.1 Simulation Results 
 
Uniaxial Tension is applied on both [0/90]2s, [ 45]2s NCF laminates (0 degree denotes 
the orientation along the loading direction). The stress contours 11  of these two 
laminates are presented in Fig. 4.20 and Fig. 4.21. Both of them clearly indicate that the 
stress concentrates in the vicinity of the stitches.  In addition, the progressive damages are 
predicted for [0/90]2s and [ 45]2s NCF laminates (see Fig. 4.22 and 4.23). In both cases, 
the matrix damage in fiber yarns occurs earlier than the failure within the resin rich 




zones. Also, matrix failure initiates from the stitching sites that is coincident with 
predicted stress distributions. It is seen that, in [0/90]2s laminates, more extensive matrix 
damages in 90 degree ply are obtained than in the 0 degree ply. Besides, the fiber failure 
is only found in the 0 degree ply and it follows the stitching patterns. The interlayer 
delaminations are also predicted in both biaxial laminates with an index between 0 (no 
delamination) and 1 (total delaminated). It is noted that the delamination in [0/90]2s 
laminates does not play a vital role in the progressive failure behavior. The final 
delamination pattern is caused by the fiber fracture, which also coincides with the 
arrangement of stitches. On the other hand, there is no fiber breakage predicted prior to 
the final fracture of [  45]2s laminates, which is mainly attributed to the combination of 














Figure 4.20 Local stress contours σ11 of [0/90]2s laminates under longitudinal tension BC1: (a). 0 
ply; (b). 90 ply 
 
 
Figure 4.21 Local tress contours σ11in [ 45]2s laminates under longitudinal tension BC1: (a). -45 
ply; (b). +45 ply 
 
 






Figure 4.22 Predicted progressive damages in [0/90]2s laminates 






Figure 4.23 Predicted progressive damages in [ 45]2s laminates 




The simulations also predict the longitudinal stress-strain curves as shown in Fig. 4.24. 
The analysis reveals that the biaxial laminates are anisotropic materials as the modulus 
and strength in [0/90]2s laminates (higher than 550MPa) exceed those in the [  45]2s 
laminates (less than150MPa). Besides, the stress–strain relation in [0/90]2s laminates is 
linear while there is high nonlinearity in the [  45]2s laminates.  Here, to study the 
influence of the nonlinear modeling on the mechanical performance of the composites, 
the analysis based on the linear elastic material system is also conducted. As illustrated in 
Fig. 4.24, both linear and nonlinear models, present the similar shape of the stress-strain 
curve. In addition, in the [0/90]2s composites, the linear modeling result is 2.48% higher 
than the nonlinear one, whereas in the [ 45]2s laminates, the influence of the nonlinear 
modeling is more significant. The predicted longitudinal tensile strengths are listed in 
Table 4.8. It is seen that, in the [  45]2s laminates, the linear model predicts 24.57% 
higher tensile strength than the nonlinear model. This result suggests that the material 
nonlinearity of epoxy resin has stronger influence on the failure prediction when the 
laminates are subjected in in-plane shear load ([ 45]2s laminates) than the tensile load 
([0/90]2s laminates). This argument coincides with the study carried out by Vogler [27] 
and Pinho et al. [127]. The stress-strain curve also agrees well with Lomov et al.’s [89] 
experimental data (see Fig. 4.1). 
 





Figure 4.24 Longitudinal stress-strain curves from simulation results 
 








4.4.3    Experimental Verification 
 
To verify the simulation results, four samples of [0/90]2s laminates and five samples of 
[±45]2s laminates are tested under a uniaxial tension. The experiment uses the same 
Model Type 
Predicted Tensile Strength  
(MPa) 
Linear model of [0/90]2s laminates 602.65 
Nonlinear model of [0/90]2s laminates 588.04 
Linear model of [ 45]2s laminates 130.68 
Nonlinear model of [ 45]2s laminates 104.90 




material system as in the numerical analysis. Epoxy is infused into the pre-laid biaxial 
NCF fabrics with vacuum assisted resin transfer molding (VARTM). The specimens are 
cut from the composite panel by water jet cutting machine. The dimension of the sample 
is 200mm × 24mm × 2mm.  As described in section 3.5, tensile test is conducted on an 
INSTRON 8501 machine at a constant displacement rate of 2mm/min. The experimental 
procedure follows the ASTM standard D3039. An extensometer is also used to measure 
the strain of the samples with the initial distance of 25mm. The tensile test results for 
both laminates are outlined in Table 4.9. The stress-strain curve is also validated through 
the experimental results. As shown in Fig. 4.25, for [0/90]2s laminates, both linear and 
nonlinear analysis provide overestimations on tensile strength with deviations 10.2% and 
7.5%, respectively. The mechanical response predicted from the analysis of [0/90]2s 
laminates is consistent with the tensile test data. The damages observed in the specimens 
are also illustrated in Fig.4.26a. It presents the extensive matrix damages occurring in the 
90 ply while Fig. 4.26b exhibits the fiber breakage at stitching sites of the 0 ply. The 
transverse matrix damage in the 0 ply (fiber splitting) is also observed from Fig. 4.26b. 
These damage patterns coincide with the predicted failure behavior presented in Fig. 4.22.  
 
Table 4.9 Experimental results of biaxial laminates  
 
Sample 
Ultimate tensile stress of 
[0/90]2s (MPa) 
Ultimate tensile stress of 
[+/-45]2s (MPa) 
1 111.54  531.77  
2 113.50  543.39  
3 116.48  552.76  
4 118.60  559.44  
5 112.15  N.A. 
Mean value = 114.45  546.84  
Standard deviation = 2.68  10.40  





Figure 4.25 Longitudinal stress-strain curves from simulation results 
 
 
Figure 4.26 Damage patterns of tested [0/90]2s NCF specimens 




For [±45]2s laminates, the mechanical nonlinearity can be clearly obtained from both 
experimental and numerical studies (see Fig. 4.27). It is seen that the nonlinear modeling 
effectively reduces the predicted tensile strength of [±45]2s NCF composites. That is 
because the amplification method can capture the stress concentrations caused by the pre-
failure plastic yielding of matrix. In addition, the nonlinear modeling can predict the 
stress-strain relation which approaches more the experimental curves although the 
difference still exists to a certain extent. In previous section, it is exhibited that the final 
fracture of [  45]2s laminates is contributed by the combination of intra-layer matrix 
failure and inter-layer delaminations (see Fig. 4.23). This argument is verified by the 
damage patterns of tested sample shown in Fig. 4.28a where extensive matrix damages 
are observed at both +45 and -45 plies. In addition some delaminations are found at the 
edge of the specimens (shown in Fig. 4.28b) that agrees with the simulation result as well. 
 
 
Figure 4.27 Longitudinal stress-strain curves from simulation results 














4.5 Macromechanics of NCF Composites 
 
4.5.1    Macroscopic Modeling 
 
In this section, the unnotched quasi-isotropic [0/90/ 45]2s (see Fig. 4.29) NCF laminates 
are studied based on the multiscale modeling across three length scales. The size of the 
FE model is 100mm × 24mm x 2mm, and 3D 1
st
-order brick elements are used. The 
nonlinear material properties of the element in the macroscopic model are defined based 
on the mesoscale analysis of 0 ply as described in previous section. The stress-strain 
curves presented in Fig. 4.15 are fitted into the constitutive relations of global elements. 
 
Again, the traction-separation law is applied to model the behavior of the nodes at the 
inter-ply interface. Nonlinear spring elements are also applied to represent the stitching 
reinforcement. It is noted that the distributions of the spring elements should be 
coincident with the arrangement of stitching locations in actual specimens (see Fig. 4.30). 
With a quasi-static uniaxial tension applied (along the longitudinal direction – x), the 
progressive failure analysis is implemented. 
 





Figure 4.29 Layout of the quasi-isotropic NCF laminates  
 
 
Figure 4.30 Arrangement of the spring element representing the through-thickness stitching 
 
 




4.5.2    Simulation Results 
 
The results of the progressive damage simulation are illustrated in Fig. 4.31 (a) through 
(e). Five stages in the development of damage are summarized as follows: 
 
a) The transverse matrix damage takes place first at both edges of the 90 ply (Fig. 
4.31a. 
 
b) As shown in Fig. 4. 31b, matrix damage in the 90 ply propagates from the edges 
to the center of laminate. At longitudinal strain level 0.33%, delamination 
between 90 and 45 ply occurs. 
 
c) Subsequently, the damage evolutes to the matrix in both +45 and - 45 plies. At the 
same time, delamination between +45 and - 45
 
ply occurs at the edges (Fig. 4. 
31c). 
 
d) Fig. 4.31d presents extensive matrix damages in all 90, +45 and - 45 plies. Fiber 
failure initiates in 0
 
ply at the strain level 0.65%. 
 
e) The quasi-isotropic laminate fails when the final fracture of fiber in 0 ply is 
exhibited. The ultimate tensile stress and failure strain are predicted (see Fig. 
4.31e). 
 




The stress-strain curve is presented in Fig. 4.32 with the corresponding damage patterns. 
In summary, the 90
 
/45 inter-ply is delaminated after the matrix failure in 90
 
ply. 
Thereafter, the matrix damage in +45 and - 45 plies and the delamination between +45/- 
45 ply take place. It revealed that when the quasi-isotropic laminates are subjected to a 
uniaxial tension, the matrix damage in the transverse direction laminate (90 degree) takes 
place before the other failure modes. It is also reported that the quasi-isotropic layout is 
susceptible to free edge delamination when loaded in uniaxial tension. To obtain a 
validation of the prediction, the tensile test on the quasi-isotropic NCF laminates is 
conducted and presented in the next section. 
 
 
Figure 4.31(a). Predicted damages from macromechanical analysis at applied strain 0.18% 
 





Figure 4.32(b). Predicted damages from macromechanical analysis at applied strain 0.33% 
 











Figure 4.31(c). Predicted damages from macromechanical analysis at applied strain 0.38% 
 











Figure 4.31(d). Predicted damages from macromechanical analysis at applied strain 0.65% 
 











Figure 4.31(e). Predicted damages from macromechanical analysis at applied strain 1.29% 
 





Figure 4.32 Predicted stress-strain relation from macromechanical analysis 
 
4.5.3    Experimental Verification 
 
In this section, uniaxial tensile test is performed on quasi-isotropic NCF composite 
specimens. The experiment uses the same material system as in the numerical analysis 
and same procedure is conducted as in the validation test of biaxial laminates. The failure 
of tested specimen is shown in Fig. 4.33.  All specimens have similar damage patterns. 
First, extensive matrix damages are observed in 90, +45 and - 45 plies (see Fig. 4.33b), 
which agrees well with the simulation result. In addition, it shows that delaminations take 
place at the edge of the tested samples which appear at almost all the interfaces as shown 
in Fig. 4.33d.  The numerical failure analysis provides similar delamination pattern 
between 90 /45 and +45/- 45 plies. But the extensive delamination at the interface 








ply is not predicted by FE simulation and the reason is still not clear. The 
fiber fracture is also observed on the top 0 ply near the edge of the specimen (see Fig. 
4.33c). Coincident fiber failure is predicted by simulation as shown in Fig. 4.33e. 
 
Predicted and experimental stress-strain relations are compared in Fig. 4.34.  In the aspect 
of tensile strength, FE simulation can provide accurate ultimate tensile stress based on the 
proposed multiscale modeling method. The predicted ultimate strength is 467.8 MPa that 
coincides with the average experimental data (434.7 ± 3.07 MPa). Fig. 4.33 also proves 
that the predicted progressive behaviors are coincident with the test results.  
 
 
Figure 4.33 Failure modes of tested quasi-isotropic NCF specimens: (a) Top view for tested 
specimens; (b) Top view showing matrix damage; (c) Top view showing fiber fracture; (d) 
Section view showing delaminations 
 





Figure 4.34 Comparison of results between FE simulation and Experiment 
 
Sensitivity study is conducted for NCF composites and the results are outlined in Table 
4.10.  Besides the geometric model and the fiber properties, the predicted performance of 
NCF composites greatly depends on the material nonlinearity of matrix and the fracture 
toughness values. Note that the mix-mode fracture toughness for delamination 
significantly affect the tensile behavior of multi-ply NCF laminates while the through-
thickness stitching has limited influence for the current material system. Unfortunately, 
reason of disparity between the simulation and experimental data for the progressive 
nonlinear behavior of [±45°] laminates is still not clearly figured out. However, it is 
possible that the post-failure softening mode affects the accumulative damage behavior. 
In the current study, the linear softening model is consistently used. Thus a sensitivity 
study for the softening model to the textile composite failure analysis is recommended 
here. 




Table 4.10 Sensitivity study for NCF composites analysis 
 
Category Item Influenced object Sensitivity 
Geometric 
Modeling 
Resin-rich zones for NCF 
composites 
 Stress distribution 
 Strain localization 




Elastic Stiffness of fiber Longitudinal tensile behavior Dominantly 
Plasticity of matrix Shear and transverse behavior High 
Mode I Fiber fracture toughness 
Ultimate tensile strength for 
longitudinal tension 
High 
Mix-mode fracture toughness for 
delamination 
Ultimate tensile strength for in-
plane shear 
High 









In this chapter, the multiscale modeling method is extended to the progressive failure 
analysis of NCF composites, which has been developed with following new features:  
 
1. A nonlinear multiscale modeling method is developed, which includes the 
elastoplastic constitutive modeling for epoxy resin and a novel nonlinear stress 
transfer method.  
 
2. Nonlinear spring elements are applied to the FE model to represent the through-
thickness stitching with prescribed stitching parameters.  





3. Delamination is considered in both meso and macro failure analysis. The traction-
separation law is used to represent the constitutive behavior of cohesive interface. 
 
4. The resin-rich zones caused by the stitching needles are included in the 
mesomechanical models which is proven to be important because the stress 
distributions are strongly influenced by the resin-rich zones.  
 
Two biaxial NCF laminates [0/90]2s and [ 45]2s are studied at meso level. The analysis 
results reveal that, in the case of [  45]2s laminates, the nonlinear modeling approach 
effectively reduces the predicted tensile strength and provides higher mechanical 
nonlinearity than the linear model. That is because the in-plane tensile behavior of [ 45]2s 
laminates are significantly influenced by the nonlinear properties of epoxy resin. In 
addition, it is not surprising that the [0/90]2s laminates do not exhibit much influence of 
nonlinear modeling when they are under longitudinal tension. That is because the linear 
elastic fibers reinforcing along 0 degree sustain most of the tensile stresses.  
 
At the macro level, the mechanical response of unnotched quasi-isotropic laminates is 
predicted and verified by experiment. As a result, the proposed method can precisely 
predict the damages and tensile performance. Extensive delaminations are observed in the 
tested specimen, which verifies the importance of delamination modeling in this failure 
analysis.  




Chapter 5  
Extension to Study of NCF Composites Containing Defects 
 
In this chapter, the multiscale modeling method is extended to the failure analysis of 
textile composites containing defects. The defects formed during the VARTM process for 
NCF composite laminates are studied here. Initially, section 5.1 presents the literature 
reviews of the studies for NCF composites containing the defects. Then, parametric study 
(no failure) is performed in section 5.2 to investigate the relations between the voids 
characteristics and the stiffness reductions. In section 5.3, defects are characterized into 
biaxial NCF laminates based on actual sample measurement, whereby progressive failure 
analysis can be performed to demonstrate the influence of the defects on the mechanical 
performance.  Finally, simulation result is validated by the experiment in section 5.4.  
 
5.1    Introduction to Defect Mechanics of Composite Materials 
 
The problem of defects can arise due to the heterogeneous nature of the composite 
materials. For textile composites, textile processing, composites manufacture, and 
handling can result in defects such as void (or porosity), matrix crack, fiber misalignment 
and delamination. Those common defects can affect the behavior of the composites. The 
influence of the defects on the mechanical performance of composites has been studied 
by numerous researchers. In term of the porosities, many studies [161-170] reported that 
the fiber-dominated mechanical properties were not significantly affected by the voids 
whilst the matrix-dominated properties highly depended on their presence.  




Generally, defect characterization is required to exam the quality of a composite structure 
in engineering applications. Conventional characterization techniques included density 
measurement [171], optical image analysis [171, 172] and the ultrasonic attenuation [173, 
174]. Density measurement is based on Archimedes density theory. The ratio of actual 
sample density to the theoretical sample density can be calculated, based on weight and 
volume measurement, to determine the void volume fraction [171]. This method is quick 
and easy but strongly depends on the input properties of the fiber and matrix. Moreover, 
the optical image analysis based on the application of microscope has been widely used 
[172]. Its advantage is the visibility, which allows the identification of the void size, 
shape and distribution. Ultrasonic attenuation is another commonly used technique to 
determine the void level in the composites. The calibration curve can identify different 
void contents through presenting the variations in ultrasonic attenuation. This technique 
has been proven to be reliable and accurate [173, 174]. However, it is difficult to measure 
the void shape.   
 
Through the above techniques, the defects formed in the composite structures can be 
characterized. Several studies showed defects are dependent on the manufacturing 
process of composites. For instance, the voids in the composite laminates were compared 
between the material manufactured by resin transfer molding (RTM) and autoclave 
molding techniques [175, 176]. The differences were found with respect to defect 
location, shape, size, and volume fraction through microscope measurement and optical 
image analysis. Moreover, it is found that the defect characteristics also depend on the 
textile composite types. For example, Stone [177] reported the voids in UD laminates 




tended to be small and spherical with small void content (<1.5%).  Meanwhile, Hu et al. 
[178] presented the formation of voids in plain woven fabric composites was mainly 
located at the edge of transverse yarn (warp). Rubin and Jerina [179] also demonstrated 
that the voids in plain woven composites were truncated cone with a narrow elliptical 
cross section. It is believed that the shape of the void formed in the plain woven 
composites was related to the woven architecture and the yarn interactions For NCF 
composites, Lundstrom and Gebart [174] reported that, in the RTM manufactured NCF 
laminates, small long cylindrical bubbles formed inside the fiber bundles and larger 
spherical bubbles found in the space between the fiber bundles (see Fig. 5.1). Likewise, 
Schell et al. [180] demonstrated a multiscale defect system contained in textile composite 
laminates. The different air entrapped mechanisms explained the variation of defect 
formations. As illustrated in Fig. 5.2, when resin flowed into the fabrics, micro voids 
were created inside the fiber yarns at high injection pressure (Fig. 5.2a) while the 
mesoscale voids were created at low resin-infusion velocity (Fig. 5.2b). 
 





Figure 5.1 Multiscale defects observed in NCF composites [174] 
 





Figure 5.2 Multiscale defects schematic in NCF composites [180] 
 
To study the defect behavior, defects mechanics were initially developed from Eshelby's 
inclusion theory [181]. Chao and Huang [181] presented an analytical method applying 
Mori-Tanaka’s theory (based on inclusion Eshelby tensor) to predict the effective elastic 
stiffness of materials with various void contents and void aspect ratio. Madsen and 
Lilholt [182] developed a modified version of rule of mixtures to predict the tensile 
properties of composite materials. The effect of the composite void contents and 
anisotropy of fiber properties were also studied in his method.  
 
The numerical analysis method for defect modeling developed by Huang and Talreja 
[183] presented a computational scheme where the influence of defect shape on the 
elastic stiffness of unidirectional composite laminates was analyzed.  In their work, the 
cigar-shaped porosity was created with elliptical-cross-section cylinder. Three defect 




characteristics were studied: void content Vv, length–width ratio, and width–height ratio. 
The parameters of the aspect ratios were determined from the average void length, width, 
and height from defect characterizations. The parametric study was carried out with void 
contents were chosen to vary from no void to 6%. In addition, the influences of varied 
void shape and size were also explored. The result revealed that the voids had much 
larger influence on reducing the matrix-dominated properties than the fiber-dominated 
one. In terms of the void shape, it was found that in-plane properties were most sensitive 
to the width-height ratio only. In addition flat voids had very limited effect on the out-of-
plane properties and the long voids reduced the out-of-plane shear modulus. The 
numerical analysis result was also compared with the Mori-Tanaka method. As a result, 
FE model can present more accurate result than the analytical model through validation 
with experiment. 
 
5.2     Study the Influence of Defects in NCF composites 
 
In this section, parametric study is first performed to investigate the effect of the defects 
on the elastic stiffness of NCF composites. A linear analysis is first carried out to study 
the stiffness reductions in the presence of mesoscale voids. A 3D RVE is then used to 
represent the 0 degree NCF laminate containing various defect characteristics. The quasi-
static uniaixal tension is applied in this analysis. Later, meso failure analysis is performed 
through modeling mesoscale voids [174, 180] into the biaxial NCF composite laminates. 
Based on appropriate defect characterization, failure analysis of two biaxial NCF 
composites is performed to explore the influence of the mesoscale defects on the tensile 




behavior. The defects are modeled into two mesoscale RVEs: [0/90]2s and [±45]2s 
laminates. The tensile test on the biaxial laminates is conducted to verify the analysis 
results. 
 
5.2.1    Linear analysis  
 
The mesoscale model of 0 ply described in section 4.4.1 is used here with same geometry 
and material properties. Parametric study is performed to investigate the influence of 
defects on the elastic in-plane stiffness. The defect modeling strategy is presented in Fig. 
5.3. Spherical voids are modeled as mesoscale defects in the center of the resin-rich zones 
with various quantities and sizes. Corresponding void content Vv can be obtained based 







                                                                    (5.1) 
 
Where nv denotes the number of voids. Vvoid and VRVE indicate the volumes of the single 
void and the RVE, respectively.  
 
The finite element mesh of the laminate containing one 3D void is presented in Fig. 5.4. 
2
nd
-order tetrahedral elements (C3D10) are used with the range of element size from 
0.01mm to 0.1mm. Finer mesh is seeded around the defect region. Same material 
properties are defined here as used for mesoscale analysis in Chapter 4. 
 





Figure 5.3 Defect modeling strategy in single NCF laminate 
 
 
Figure 5.4 Defect modeled in the FE model 
 




The stress analysis of NCF laminate containing various defects is performed under three 
different in-plane deformations ( xx , yy and xy  ).  It is noted that the analysis doesn’t 
consider the damage.  To illustrate the effect of voids, stress distributions in the laminate 
containing one void are enumerated in Fig. 5.5, which are compared with the stress 
contours of the laminate without any defect. Fig. 5.5 (b) and (c) exhibit that local 
transverse stress σ22 and in-plane shear stressτ12 concentrate around the void when the 
laminate is under the transverse tension and in-plane shear, respective. On the other hand, 
the distribution of longitudinal stress σ11 is almost not affected by the defects (see Fig. 5.5 
(a)).  The stiffness reduction curves are also presented in Fig. 5.6 where the transverse 
modulus E22 presents a most significant reduction (up to 5.3%) while the in-plane shear 
modulus G12 is reduced up to 3%. The longitudinal modulus E11 exhibits the smallest 
reduction (less than 0.5%) due to the voids. The curves in Fig. 5.6 demonstrate linear 
correlations between void contents and the stiffness reductions. 





Figure 5.5 Local stress contours in single NCF laminate: (a). Longitudinal stress 11 under BC1; 




Figure 5.6 Predicted in-plane stiffness reductions with various void contents 




Void content is not the only parameter studied in this section. Here, another series of 
linear analysis is performed to study the influence of void size and quantity on the in-
plane stiffness. Fig. 5.7 presents the defect modeling plan where the void content is kept 
constant at 0.6%, and the defect size and quantity varies (from three voids to eight voids).  
The result is illustrated in Fig. 5.8 that reveals relative small variation (< 0.5%) of 
stiffness reductions with respect to different void sizes and distributions. This analysis 
also proves that the void content is more significant in affecting the elastic stiffness of 
NCF laminate than the other parameters.   
 
 
Figure 5.7 Defect modeling strategy with fixed void content 0.6% 
 





Figure 5.8 Predicted in-plane stiffness reductions with fixed void contents 
 
 
5.2.2    Failure Analysis on Biaxial Laminates  
 
In this section, the defects in the biaxial NCF laminates are characterized based on actual 
specimen measurement.  Then, progressive failure analysis is performed to study the 
influence of the defects on the tensile performance. Two RVE models representing two 
biaxial NCF laminates ([0/90]2s and [±45]2s) are analyzed here. Finally, the simulation 
results are compared with the experimental data. 
 
5.2.2.1    Defect Characterization 
 
The optical image analysis is applied here to identify the void size, shape and distribution 
of NCF composite laminates. Two types of biaxial NCF laminates [0/90]2s and [ 45]2s 




are made by infusing the epoxy into the pre-laid NCF fabrics with VARTM process. It is 
noted that 0 degree also denotes the direction of resin flow here. The rectangular 
composites samples are cut from the composite panels by water jet cutting machine. The 
dimensions of the composite samples are 24mm × 24mm × 2mm.  To obtain high quality 
images from the microscope, the specimens are polished with gradually fine paper (320, 
600, 800, 1200 grains/in). Totally 21 samples are measured with capturing 3 top images 
and 3 cross-section images from each one. Typical images are presented in Fig. 5.8. The 
mesosale voids defined in [180] are observed in both [0/90]2s and [ 45]2s laminates but 
with different defect characteristics.  As illustrated in Fig. 5.9a, the voids within the resin-
rich zone of [0/90]2s laminates present spherical shape. The range of void diameters is 
from 0.097mm to 0.187mm with an average value of 0.14mm ( 0.043). Based on that, 
the average void volume fraction can be calculated as 0.032%. It is noted that this volume 
fraction takes account of the mesoscale voids only. The micro voids inside the fiber yarn 
are not included in this study. Moreover, the voids in [ 45]2s laminates are characterized 
in Fig. 5.9b. Unlike in [0/90]2s laminates, the voids in [  45]2s laminates present 
ellipsoidal shape. Normally, two voids are observed in each resin-rich zone and the shape 
aligns with the contour of the resin “eyes”. It is measured that the range of void major 
axis length is from 0.33mm to 1.23mm. The mean axis lengths of those 3D ellipsoidal 
voids are 0.82mm (  0.27), 0.32mm (  0.089), and 0.28mm (  0.067).  
Correspondingly, the average void content is about 4.4%, which is much higher than the 
void content in [0/90]2s laminates. The reason behind this difference is explained here 
(see Fig. 5.10). Given that the resin-infusion flow direction is along 0 degree, it provides 
higher infusion velocity in [0/90]2s laminates than in [ 45]2s laminates. Smaller voids are 




thus created in the [0/90]2s laminates. In a word, the defect characteristics in NCF are 




Fig. 5.9 (a) Defects observed in [0/90]2s laminates 
 
 
Fig. 5.9 (b) Defects observed in [ 45]2s laminates 
 





Fig. 5.10 Defects schematic for biaxial NCF composites: (a) defect in [0/90]2s laminates; (b) 
defect in [ 45]2s laminates 
 
 
5.2.2.2    Case [0/90]2s Laminates 
 
Based on the above defect characterization, spherical voids with varied sizes are modeled 
at each resin-rich zone in [0/90]2s laminates (see Fig. 5.11). Uniaxial tension is applied 
along the fiber direction in 0 ply.  Typical progressive damages are illustrated in Fig. 5.12 
(when Vv is 0.032%). A good comparison can be obtained between Fig. 5.12 and Fig. 4. 
24, which reveals that the presence of defects has very limited effect on the damage 
behavior of [0/90]2s laminates. In addition, the simulation results are outlined in Table 5.1, 
which lists the predicted tensile modulus and ultimate tensile strength with different void 
contents. It is not surprising that the reductions of both tensile stiffness and tensile 
strength are very small due to very low void content. 
 





Figure 5.11 Defect modeling strategy in [0/90]2s NCF laminates 
 





Figure 5.12 Progressive damages in [0/90]2s NCF laminates 
 













0.000%  50.869  0.000%  588.04  0.000%  
0.011%  50.867  0.003%  587.34  0.119%  
0.020%  50.863  0.008%  586.97  0.182%  
0.032%  50.860  0.018%  586.48  0.265%  
0.076%  50.849  0.040%  585.95  0.356%  
 




To validate the prediction result, the results of tensile test conducted for [0/90]2s 
laminates (see section 4.4.3) are compared here. The stress-strain curves of both 
experimental and predicted results presented in Fig. 5.13. Again, it demonstrates that the 
effect of the mesoscale void is insignificant in [0/90]2s laminates.  
 
 










5.2.2.3    Case [±45]2s Laminates 
 
As discussed in previous sections, the ellipsoidal defects formed in [±45]2s laminates 
have a much higher volume content than in [0/90]2s laminates. Fig. 5.14 illustrates the 
defect modeling plan, where duo-void is modeled in each resin-rich zone with five 
different sizes. Here, the lengths of major axis of the ellipsoidal defects are varied while 
the minor axis length remains constant. Based on that, the progressive failure analysis is 
performed with a uniaxial tension along 0
 
degree. The damage patterns at applied strain 
level εxx = 1.3% for different void contents are presented in Fig. 5.15. It exhibits that, 
when the voids become larger, more matrix damages concentrate around the defects 
rather than propagate to the fiber yarns. Table 5.2 lists the predicted tensile modulus and 
ultimate tensile strength with various void contents in [±45]2s laminates. With a void 
content range between 1.75% and 6.59%, maximum reductions of 11.16% and 8.06% are 
predicted for tensile modulus and tensile strength, respectively.  
 





Figure 5.14 Defect modeling strategy in [±45]2s NCF laminates 





Figure 5.15 Progressive damages in [±45]2s NCF laminates at different applied strain levels 
 
Table 5.2 Simulation results of [±45]2s laminates containing mesoscale defects 
V
v 
 Tensile Modulus 
(GPa) 
Reduction of 






0.00%  21.5  0.00%  104.90  0.00%  
1.75%  20.3  5.58%  102.33  2.45%  
3.22%  19.7  8.37%  99.88  4.79%  
4.40%  19.53  9.16%  98.84  5.78%  
5.36%  19.25  10.47%  96.87  7.65%  
6.59%  19.1  11.16%  96.44  8.06%  
 
To validate the simulation results, the test results for five [±45]2s laminates samples are 
compared here (see section 4.4.3). The predicted stress-strain curves are validated by the 




experimental results in Fig. 5.16. It illustrates the influence of the void contents on the 
tensile behavior in [±45]2s laminates. It is found that the predicted results are coincident 
with the experimental curves, which shows that the ellipsoidal mesoscale defects leads to 
a reduction of tensile modulus and ultimate tensile strength. Moreover, Fig. 5.17 presents 
that Young’s modulus can be accurately predicted since all the predicted values are 
within the range of experimental results. However, simulations for [±45]2s NCF laminates 
underestimate the ultimate tensile strength as shown in Fig. 5.18.  
 
 
Figure 5.16 Predicted stress-strain curve from FE simulation of [±45]2s NCF laminates 
 





Figure 5.17 Tensile modulus reduction of [±45]2s NCF laminates 
 
 
Figure 5.18 Tensile strength reduction of [±45]2s NCF laminates 
 
 




5.3    Conclusion 
 
The proposed progressive failure analysis is successfully extended to the case study for 
NCF composites containing various porosities. The parametric study is performed with 
different defect sizes and distributions in the 0 degree NCF laminate. The result reveals 
that the defect volume fraction has most significant influence on the mechanical 
properties than other characteristics. A clear linear correlation was obtained between the 
void content and stiffness reduction. Moreover, the matrix-dominated properties are 
found to be more sensitive to the defect than the fiber-dominated properties. 
 
Two biaxial NCF laminates [0/90]2s and [±45]2s are made by the VARTM technique to 
characterize the mesoscale defect (in resin-rich zone). The defects formed in those two 
layouts exhibit different characteristics. It is observed that the volume content of voids 
between the yarns (defined as mesoscale voids) of [0/90]2s laminates is much lower than 
the voids in [±45]2s laminates. Failure analyses are conducted for the biaxial composite 
laminates containing those defects. The results are then verified by the tensile test.  
 
Consequently, the numerical analysis result agrees well with the experimental data. Due 
to the different void content levels, different influences of defect on the in-plane tensile 
performance are exhibited for two biaxial laminates. The tensile properties deteriorated in 
[±45]2s laminates are much significant than in [0/90]2s laminates. This conclusion also 
suggests that, using RTM to manufacture the NCF laminates could leads to the defect 
issues. The different porosities characteristics are observed with different resin-infusion 




direction. The inconsistent influences of those voids on the composites behavior should 
be taken into account, especially when the resin flow is not parallel to the fiber yarn path.  
 




Chapter 6  
Conclusions and Recommendations 
 
6.1     Conclusions 
 
A multiscale modeling approach, to model the progressive damage in textile composites 
has been presented. The hierarchical models of textile composites at three different length 
scales (micro, meso, and macro) are built based on their unique geometrical and material 
characteristics. A novel strategy of two-way information transfer is developed to bridge 
these multiscale models. On one hand, the global material properties are acquired from 
material property homogenizations through the local stress analysis. Thereof, the periodic 
nodal-displacement constraints are applied to textile RVE model for the first time to 
provide accurate prediction of effective elastic stiffness.  On the other hand, it is also the 
first attempt to employ Ha-Tsai theory in the failure analysis of textile composite 
whereby local stresses within the RVE model are computed using the stress amplification 
from the global stress states. By means of the two-way information transfer, the 
hierarchical characteristics of textile composites are modeled to capture the multiscale 
damage mechanisms and their interactions within a finite element. Appropriate failure 
criteria are carefully selected in this study. For instance, the nucleation of damage is 
determined by the Maximum Stress criterion (for fiber failure) and MMF criterion (for 
matrix damage). Meanwhile, a continuum damage mechanics (CDM) method is used to 
track the post-failure behavior. 
 




The material stiffness, tensile strength and damage patterns of plain woven laminates are 
examined utilizing the developed multiscale modeling method. The predicted results turn 
out to be in good agreement with the experimental results. Simulation of the OHT 
specimen reveals that CDM can predict the tensile strength in a more precise way than 
the instantaneous stiffness degradation method. 
 
The multiscale modeling method is further optimized to take the material nonlinearity 
into account. Firstly, the elastoplastic constitutive relations of epoxy resin are 
incorporated into the RVE model. Thereafter, composite mechanical nonlinearity is 
explored through the FE analysis. The nonlinear behavior demands the nonlinear 
correlation between the global and local stress states. Thus, for the first time, the 
nonlinear stress amplification factors are computed within the Ha-Tsai theory.  
 
The novel nonlinear multiscale modeling is then deployed in the failure analysis of NCF 
composites. Initially, spring elements are modeled to represent the through-thickness 
stitching in NCF composites with prescribed nonlinear constitutive modeling. In addition 
inter-layer delamination is included in this analysis with appropriate parameter 
identification. The traction-separation law is used to model the constitutive behavior of 
cohesive interface. Mechanical analysis of unnotched biaxial and quasi-isotropic 
laminates is performed and validated by experiment. The simulation results prove that the 
nonlinear multiscale modeling approach can emulate the mechanical behavior of NCF 
laminates. It is also concluded that the material nonlinearity is essential for failure 




prediction of biaxial [  45]s laminated composites when they are under a uniaxial 
tension.  
 
Furthermore, the proposed progressive failure analysis is extended to the defect 
mechanics of NCF composite laminates. The parametric study for the 0 degree NCF 
laminate indicates a linear correlation between the void contents and in-plane stiffness 
reductions. It exhibits that the matrix-dominated properties are found to be more sensitive 
to the defect than the fiber-dominated properties. Through appropriate defect 
characterization, failure analysis is performed for the biaxial composite laminates 
([0/90]2s and [±45]2s), which contains the mesoscale voids within the resin-rich zones. It 
is demonstrated that the numerical analysis result agrees well with the experimental data.  
 
In summary, the novelty aspects of the present study includes, 
1. Develop a novel two-way multiscale modeling framework for the textile composites 
failure analysis. It overcomes the disadvantages of both local-to-global and global-to-
local multiscale modeling methods.  
2. Tsai -Ha failure criterion is extended for the first time to predict the damage in the 
textile composite. 
3. The periodic nodal-displacement constraints are applied to textile RVE model for the 
first time to provide accurate prediction of effective elastic stiffness 
4. For the first time, the nonlinear stress amplification method has been developed 
successively with floating reference points and varied stress amplification factors. 
 




At last, the trade-off of this approach is highlighted here,  
1. Less effort is required for acquiring the empirical data to predict the material 
behavior of large scale components, although 
2. More efforts are needed for micro-characterizations (one-time solution for all 
subsequent analysis). 
 
6.2     Recommendations for Future Work 
 
The best practices of the multiscale modeling for failure analysis of textile composites are 
suggested in this section: 
 
1. The proposed multiscale modeling should start from the micro level. It is noted that 
the capability and accuracy of the analysis highly rely on the parameters identified 
from the microstructure of the composites. For instance, the fiber pull-out damage 
mode is exempted in the current study because the fiber-matrix interface behavior 
is not characterized. Thus, precise and complete microscopic characterizations are 
suggested here for precise and reliable implementation of the multiscale modeling 
method for composites. 
 
2. In mesomechanical analysis, it is crucial to accurately describe the internal 
architecture of the textile composites. The RVE model subject to the periodic 
boundary conditions is also suggested for effective stiffness prediction. 
 




3. For NCF composite structures, the material nonlinearity should be considered when 
the transverse or shear deformations are applied. Through-thickness stitching also 
needs to be modeled from either positive (out-of-plane reinforcement) or negative 
(formation of resin-rich zones) aspect. Finally delamination also influences the 
failure behavior of NCF composites. Thus it must be modeled to further enhance 
the validity of the predictions. 
 
4. If the angle-ply NCF composites are fabricated by VARTM technique, the defects 
generated during the resin infusion should be taken into account. Through 
appropriate characterization, the influence of the defects can be effectively 
predicted whereby the deterioration of mechanical performance can be evaluated in 
the design and engineering applications of textile composite structures. 
 
In summary, this study establishes a foundation for further development of multiscale 
modeling of textile composites. More failure criteria could be added to the current 
framework to examine the failure within the composite structures. The applications of the 
multiscale approach can be also extended to more types of textile composite (e.g. 3D 
Woven, 3D braided fabric, etc.). Currently, only three length scales are involved within 
the multiscale modeling framework, which can be further extended as well. For instance, 
molecular dynamics (MD) could be introduced in future to determine the rheological 
properties of the polymer and fiber-matrix interface. The multiscale method can also be 
extended to the multifunctional structures such as equipment, aircraft body, and vessel 
body. As prospected in [70], the multiscale approach containing various virtual 




composite testing is challenging and essential in developing an integrated design strategy 
of composites. The ultimate objective of the multiscale modeling is to process design, 
virtual testing and optimization within a unified multiscale modeling framework. 
Hopefully, it would be achieved with continuing improvement of computation capability 
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Appendix A – Plain Woven Composites Study 
 
Appendix A-1 
Mesh Convergency Study for Plain Woven RVE Model 
 
Linear elastic stress analysis is performed to the plain woven mesoscale model to validate 
the mesh convergency. The longitudinal displacement Uxx = l is applied to the FE model 
where l is the length of the RVE. Four different mesh densities are used in this study. The 
result is presented in Fig. A1 and Table A1.  
 
 






Table A1 Mesh Convergency Study Results for Plain Woven Mesoscale RVE model 
 
Mesh A  Mesh B  Mesh C  Mesh D  
Element No.  110356  15464  4629  3970  
σ11 (GPa)  39.34  39.07  36.97  35.16  
CPU time  33hrs12min  5hrs  2hrs25min  1hrs45min  
 
 
Linear elastic stress analysis is also performed to the plain woven macro model to 
validate the mesh convergency. Four different mesh densities are used in this study. The 
result is presented in Fig. A2 and Table A2.  
 
 




Table A2 Mesh Convergency Study Results for Plain Woven Macroscale RVE model 
 
Mesh A  Mesh B  Mesh C  Mesh D  
Element No.  3706 5876  16452  57968  
σ11 (GPa)  32.16  34.68  38.1  38.27  
 
 
In addtion, another meso density criterion is applied here. For a given mesh density, the 
difference of maximum stresses (σ11 in this case) between the element-average and 
element-non-average methods is less than 5%. The values of the maximum stress can be 
easily obtained from the stress analysis result. 
 
Appendix A-2 
Sensitivity Study for Plain Woven Composite 
 
Table A3 Sensitivity Study Data for Plain Woven Composites 
Parameter Studied Performance 
Mode I Fiber fracture toughness, kJ/m
2
 





Selection Range of Reference Points 








Appendix B – NCF Composites Study 
 
Appendix B-1 
Mesh Convergency Study for NCF RVE Model 
 
Linear elastic stress analysis is performed to the NCF mesoscale model to validate the 
mesh convergency. The longitudinal displacement Uxx = l is applied to the FE model 
where l is the length of the RVE. Four different mesh densities are used in this study. The 
result is presented in Fig. B1 and Table B1.  
 
 






Table B1 Mesh Convergency Study Results for NCF Mesoscale RVE model 
 
Mesh A  Mesh B  Mesh C  Mesh D  
Element No.  12447 7984 3224  1530 
σ11 (GPa)  97.01  96.74  90.34  87.07  
CPU time  2hrs30min  2hrs  1hrs15min  45min  
 
Linear elastic stress analysis is performed to the NCF macroscale model to validate the 
mesh convergency. Four different mesh densities are used in this study. The result is 
presented in Fig. B2 and Table B2.  
 
 




Table B2 Mesh Convergency Study Results for NCF  Macroscale RVE model 
 
Mesh A  Mesh B  Mesh C  Mesh D  
Element No.  6742 12510  27982  50248 
σ11 (GPa)  28.04 30.48  34.56  35.1  
 
In addition, another meso density criterion is applied here. For a given mesh density, the 
difference of maximum stresses (σ11 in this case) between the element-average and 
element-non-average methods is less than 5%. The values of the maximum stress can be 
easily obtained from the stress analysis result. 
 
Appendix B-2 
Nonlinear Cofficients for Meso-to-Micro Stress Amplification 
 
Recalling that in the multiscale modeling method for NCF composites, the components in 
the nonlinear stress amplification matrix is calculated, which is a function of global stress 
tensor. As presented in Eq. 4.20, the value of the amplification factors can be obtained by 
multiply the nonlinear coefficient ( )
j
j GD  , j = 1-6, to the initial amplification matrix
0
jM . 
The nonlinear coefficient ( )
j
j mD   presents how the meso-to-micro amplification factors 





Table B1 Table of nonlinear coefficient 
2 ( )yyD   for meso/micro stress amplification 
(MPa)yy  D2 (MPa)yy  D2  
0.00  1.00  40.85  1.30  
2.55  1.00  43.41  1.32  
5.10  1.02  45.96  1.34  
7.66  1.04  48.51  1.36  
10.21  1.06  51.07  1.38  
12.76  1.08  53.62  1.40  
15.30  1.10  56.17  1.42  
17.87  1.12  58.73  1.44  
20.43  1.14  61.28  1.46  
22.98  1.16  63.83  1.48  
25.53  1.18  66.39  1.50  
28.09  1.20  68.94  1.52  
30.64  1.22  71.49  1.54  
33.19  1.24  73.98  1.52  
35.75  1.26      
38.30  1.28      
 
Table B2 Table of nonlinear coefficient 
3( )zzD   for meso/micro stress amplification 
(MPa)zz  D3  (MPa)zz  D3  
0.00  1.00  40.85  1.30  
2.55  1.00  43.41  1.32  
5.10  1.02  45.96  1.34  
7.66  1.04  48.51  1.36  
10.21  1.06  51.07  1.38  
12.76  1.08  53.62  1.40  
15.30  1.10  56.17  1.42  
17.87  1.12  58.73  1.44  
20.43  1.14  61.28  1.46  
22.98  1.16  63.83  1.48  
25.53  1.18  66.39  1.50  
28.09  1.20  68.94  1.52  
30.64  1.22  71.49  1.54  
33.19  1.24  73.98  1.52  
35.75  1.26      






Table B3 Table of nonlinear coefficient 
4 ( )xyD   for meso/micro stress amplification 














Table B4 Table of nonlinear coefficient 
5( )xzD   for meso/micro stress amplification 














Table B5 Table of nonlinear coefficient 6 ( )yzD   for meso/micro stress amplification 
















Nonlinear Cofficients for Macro-to-Meso Stress Amplification 
 
The nonlinear coefficient ( )
j
j MD   presents how the macro-to-meso amplification 
factors for fiber yarn are changed with the increase of the applied macro-loads.  
 
Table B6 Table of nonlinear coefficient 
2 ( )yyD   for macro/meso stress amplification 
(MPa)yy  2D  (MPa)yy  2D  (MPa)yy  2D  
0.00 1.00 9.20 1.00 17.48 1.05 
0.40 1.00 9.60 1.00 17.80 1.06 
0.80 1.00 10.00 1.00 18.12 1.06 
1.20 1.00 10.40 1.00 19.43 1.06 
1.60 1.00 10.80 1.00 19.75 1.07 
2.00 1.00 11.20 1.00 20.07 1.07 
2.40 1.00 11.58 1.00 20.38 1.07 
2.80 1.00 11.96 1.00 21.69 1.08 
3.20 1.00 12.34 1.01 22.00 1.08 
3.60 1.00 12.71 1.01 22.30 1.09 
4.00 1.00 13.07 1.01 23.60 1.09 
4.40 1.00 13.43 1.01 23.90 1.09 
4.80 1.00 13.79 1.02 24.19 1.10 
5.20 1.00 14.15 1.02 25.49 1.10 
5.60 1.00 14.49 1.02 25.79 1.10 
6.00 1.00 14.84 1.03 27.09 1.11 
6.40 1.00 15.17 1.03 27.38 1.11 
6.80 1.00 15.51 1.03 28.68 1.11 
7.20 1.00 15.85 1.04 28.98 1.12 
7.60 1.00 16.19 1.04 29.28 1.12 
252 
 
Table B7 Table of nonlinear coefficient 
3( )zzD   for macro/meso stress amplification 
(MPa)zz  D3 (MPa)zz  D3 (MPa)zz  D3 (MPa)zz  D3 
0.00 1.00 9.96 1.00 18.57 1.07 25.62 1.17 
0.42 1.00 10.37 1.00 18.89 1.08 25.91 1.17 
0.83 1.00 10.77 1.00 19.20 1.08 26.15 1.17 
1.25 1.00 11.16 1.00 19.51 1.08 26.42 1.18 
1.66 1.00 11.56 1.01 19.83 1.09 26.68 1.18 
2.08 1.00 11.93 1.01 20.14 1.09 26.92 1.19 
2.49 1.00 12.31 1.01 20.45 1.10 27.17 1.19 
2.91 1.00 12.69 1.01 20.76 1.10 27.39 1.20 
3.32 1.00 13.06 1.02 21.08 1.10 27.65 1.20 
3.73 1.00 13.44 1.02 21.39 1.11 27.89 1.21 
4.15 1.00 13.79 1.02 21.70 1.11 28.13 1.21 
4.56 1.00 14.15 1.03 22.00 1.11 28.38 1.21 
4.98 1.00 14.51 1.03 22.30 1.12 28.61 1.22 
5.39 1.00 14.87 1.03 22.60 1.12 28.85 1.22 
5.81 1.00 15.22 1.04 22.90 1.12 29.05 1.23 
6.22 1.00 15.57 1.04 23.19 1.13 29.18 1.24 
6.64 1.00 15.90 1.04 23.47 1.13 29.21 1.25 
7.05 1.00 16.24 1.05 23.75 1.14 
  
7.47 1.00 16.58 1.05 24.01 1.14 
  
7.88 1.00 16.91 1.06 24.28 1.15 
  
8.30 1.00 17.25 1.06 24.55 1.15 
  
8.71 1.00 17.58 1.06 24.82 1.15 
  
9.13 1.00 17.92 1.07 25.09 1.16 
  
9.54 1.00 18.25 1.07 25.36 1.16 
  
 
Table B8 Table of nonlinear coefficient 


































































































































































































































0.00  1.00  9.15  1.07  12.67  1.20  13.92  1.28  14.93  1.37  
0.12  1.00  9.25  1.08  12.73  1.20  13.98  1.28  14.97  1.38  
4.73  1.00  9.34  1.08  12.79  1.20  14.03  1.29  15.00  1.38  
4.85  1.00  9.44  1.08  12.85  1.21  14.09  1.29  15.03  1.39  
4.97  1.00  9.53  1.08  12.91  1.21  14.14  1.30  15.06  1.39  
5.09  1.00  9.62  1.08  12.97  1.22  14.19  1.30  15.09  1.40  
5.21  1.00  9.72  1.09  13.03  1.22  14.23  1.30  15.12  1.40  
5.33  1.00  9.81  1.09  13.09  1.22  14.28  1.31  15.14  1.41  
5.44  1.00  9.90  1.09  13.15  1.23  14.33  1.31  15.16  1.42  
5.56  1.00  9.99  1.09  13.21  1.23  14.37  1.32  15.19  1.42  
5.67  1.00  10.09  1.09  13.27  1.23  14.41  1.32  15.23  1.43  
5.79  1.01  10.18  1.10  13.32  1.24  14.46  1.33  15.28  1.43  
5.90  1.01  10.27  1.10  13.37  1.24  14.50  1.33  15.34  1.43  
6.01  1.01  10.36  1.10  13.43  1.25  14.54  1.33  15.41  1.43  
6.12  1.01  10.45  1.10  13.48  1.25  14.59  1.34  15.48  1.43  
6.23  1.01  10.54  1.10  13.54  1.25  14.64  1.34  15.55  1.44  
6.34  1.01  10.63  1.11  13.60  1.26  14.69  1.35    
6.45  1.02  10.72  1.11  13.65  1.26  14.74  1.35    
6.56  1.02  10.81  1.11  13.71  1.27  14.78  1.35    
6.67  1.02  10.90  1.11  13.76  1.27  14.82  1.36    
6.77  1.02  10.99  1.11  13.82  1.27  14.86  1.36    








Table B10 Table of nonlinear coefficient 












0.00 1.00 5.49 1.03 7.99 1.06 10.41 1.08 12.78 1.10 
0.13 1.00 5.60 1.03 8.10 1.06 10.52 1.08 12.89 1.10 
0.26 1.00 5.72 1.03 8.21 1.06 10.63 1.08 13.00 1.10 
0.38 1.00 5.83 1.03 8.32 1.06 10.73 1.08 13.11 1.10 
0.51 1.00 5.95 1.03 8.43 1.06 10.84 1.08 13.21 1.10 
0.64 1.00 6.06 1.03 8.54 1.06 10.95 1.09 13.32 1.10 
0.77 1.00 6.18 1.03 8.65 1.06 11.06 1.09 13.42 1.10 
0.89 1.00 6.29 1.04 8.76 1.06 11.17 1.09 13.51 1.11 
1.02 1.00 6.41 1.04 8.87 1.07 11.27 1.09 13.59 1.11 
1.15 1.00 6.52 1.04 8.98 1.07 11.38 1.09 13.64 1.11 
1.28 1.00 6.63 1.04 9.09 1.07 11.49 1.09 13.67 1.12 
1.41 1.00 6.75 1.04 9.20 1.07 11.60 1.09 
  1.53 1.00 6.86 1.04 9.31 1.07 11.71 1.09 
  1.66 1.00 6.98 1.04 9.42 1.07 11.81 1.09 
  1.79 1.00 7.09 1.05 9.53 1.07 11.92 1.09 
  1.92 1.00 7.20 1.05 9.64 1.07 12.03 1.09 
  2.04 1.00 7.31 1.05 9.75 1.07 12.14 1.10 
  2.17 1.00 7.43 1.05 9.86 1.08 12.24 1.10 
  2.30 1.00 7.54 1.05 9.97 1.08 12.35 1.10 
  2.43 1.00 7.65 1.05 10.08 1.08 12.46 1.10 
  2.56 1.00 7.76 1.05 10.19 1.08 12.57 1.10 
  2.68 1.00 7.87 1.05 10.30 1.08 12.68 1.10 












Sensitivity Study for NCF Composite 
 
Table B11 Sensitivity Study Data for Plain Woven Composites 
Parameter Studied Performance 
Mix-mode fracture toughness for 
delamination Gn, Gs and Gt, kJ/m
2
 




0.1, 0.5, 0.5 93.45 
0.2, 1.0, 1.0 104.90 
0.4, 2.0, 2.0 133.78 
Throug-thickness stitching peak load, N 
Ultimate tensile stress of NCF [±45
o
] sample, 
MPa 
9.82 104.97 
19.63 104.90 
39.27 104.33 
 
